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INTRODUCTION 

The dynamics of penetrant swelling of macromolecular coal systems can provide iiiiporrnnt 
infornmion about the structure of the coal itself and its interactions with vapors and liquids. For 
example, it is possible to identify the thermodynamic state of the coal network. Inflections or dips in  the 
time-sorption curve may be atmbuted to specific relaxations of the macromolecular coal system. If the 
coal is in the glassy state, one can determine whether the sorption is due to Fickian diffusion and/or due 
to relaxations of the macromolecular coal chains and estimate values of the diffusion coefficient and of 
the relaxation constants. 

Increased concentration of penetrant in a macromolecular coal system has the same effect as 
increase of the temperature. As sorption continues, the density of the coal decreases thus allowing 
increased bond rotations and mobility. In addition, the favorable energetics involved in sorption 
provide the energy required for motion. Thus the glass transition temperature is lowered by the 
presence of the penetrant. 

In previous work from our laboratory (1-7) we have examined the mechanism of penetrant 
trdnSpOrt in coal networks at low temperatures using pyridine (1-6) and various other amines (7). We 
have concluded that at low temperature (below 50'C) the mechanism of pyridine transport is non- 
Fickian or Case-I1 and that the size of the samples tested may shift the overall coupling of the 
diffusional and relaxational mechanisms. 

Analysis of the sorption data can be accomplished by various means. For example, a convenient 
method of analysis involves fitting of the sorption data (4) to the empirical equation, 

- kt" M, 
M, 
-_ 

Here, M, is the mass of solvent imbibed at time t, M, is the mass of solvent imbibed at long times, and 
k is a constant which depends on the shvctural characteristics of the material and on the solvent/niaterial 
interactions. The exponent, n, is used to indicate the type of diffusion and to infer state changes i n  the 
macromolecular systems. For a thin slab, when n equals 0.5, the diffusion is Fickian. When n is 1.0, 
Case 11 transport occurs. Finally, values of n between 0.5 and 1.0 indicate anomalous transport. If n > 
1.0, the swelling material is likely to craze and fracture due to the tremendous osmotic pressure 
differences at the accelerating and advancing front. This type of transport mechanism is known as 
Super Case I1 transport. 
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Up to now only one research contribution from our laboratory (8) has examined the change i n  
temperature as a method to decouple the diffusion and relaxation phenomena. In the presenr work we 
examine the transport of various penetrants in coal sections at moderate temperatures. 

EXPERIMENTAL PART 

Coal samples were supplied by the Pennsylvania State University Coal Bank (PSU). Table 1 
includes pertinent information provided by PSU for the coals used in this investigation. 

Table 1. Analysis of Coal Samples Used 

PSOC County, Rank %C %H %MM 
Code No. State (dmmf) (dmmf) (dry) 

418 
791 
241 
312 
853 
402 
341 
3 84 

Titus, TX 
Titus, TX 
Burke, ND 
Navajo, AR 
Delta, CO 
Craig, OK 
Jefferson, PA 
Sullivan, PA 

LigA 
LigA 
LigA 
HVC 
HVC 
HVA 
HVA 
SAn 

69.9 6.1 21.5 
72.2 5.3 20.7 
75.5 4.8 12.7 
18.3 5.7 7.5 
80.1 5.0 3.1 
82.4 5.6 18.4 
86.0 5.7 14.5 
94.1 3.5 24.1 

The techniques presented here for preparing uncontaminated thin section specimens of coal are based on 
the method of preparation employed by Brenner (9). Uncontaminated coal samples were prepared using 
a pariiffin-based adhesive which could be completely removed from the sample. A chunk of coal was 
ground flat in a direction parallel to the geographic bedding plane on a horizontal diamond grinding 
wheel using progressively finer diamond grits. The Bat surface of the coal was then heat cemented to ii 

ipre-conditioned microscope slide. When the hexane-soluble, paraffin-based, thermoplastic edhesive 
(Paraplast, American Scientific Products) had hardened, the coal chunk was cut with a diamond saw 
leaving approximately a two millimeter thick slab of coal mounted on the glass slide. The slab \vas then 
ground using a vertical diamond grinding wheel to the desired final thickness. The thin section 
specimens of coal were removed from the glass slide by soaking in n-hexane for several hours. Hexane 
did not swell the coal sample. After a few days of immersion, the solvent was removed, the samplcs 
were oven-dried at 6OoC and stored in a dry nitrogen atmosphere at room temperature until iise. The 
uncontaminated samples obtained ranged in thickness from 100 pm to 1500 pm. Thin coal sections, 
200 pm lo 1200 pm thick, Of 1 mg to 10 mg were dried and cut in  squares. They were introduced to one 
of the chambers of a thermogravimetric analyzer (TGS-2, Perkin Elmer, Norwalk, Connecticut) and the 
whole system was calibrated. The electrobalance system of the TGS-2 was purged with a continuous 
siream of nitrogen passing through three traps filled with N,N-dimethyl formamide (DMF) or pyridine. 
By adjusting the flow rate of nitrogen it was possible to control the evaporation rate of DMF or pyridine 
iind, therefore, the ratio in the gaseous phase. Therefore, it was possible to conduct dynamic IIMF 
liptake experiments at different activities. In addition, because of the microfumace available i n  the 
Ihemiogravimetric system, it was possible to cany out experiments at various temperatures. 

RESULTS AND DISCUSSION 

Selected data of pyridine and DMF uptake as a function of time and temperature are presented i n  
Figures 1 through 6. In all cases, the diffusion time has been normalized with respect to the square of 
h e  sample thickness, t /12.  In addition, all graphs present the amount of penetrant adsorbed per gram of 
dry coal, MJM,. 
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Fig. 1. Pyridine uptake in thin coal sections at 35OC. 
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Fig. 2. Pyridine uptake in thin coal sections at 100OC. 
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Fig. 3. Pyridine uptake in thin coal sections at 150°C. 
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Fig. 4. DMF uptake in thin coal sections at 35OC. 
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Fig. 5. DMF uptake in thin coal sections at 100°C. 
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Fig. 6. DMF uptake in thin coal sections at 150OC. 
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These results were analyzed using equation (1) and the value of k and n are reported in Tables 2 
and 3, respectively. 

Table 2 
Analysis of Pyridine Uptake by Coal Samples Using Equation (I)  

PSOC Temperame n 950iCCIforn k 95%Clfmk 
(“0 

79 1 35 0.42 0.06 
247 35 0.56 0.05 
312 35 0.34 0.12 
853 35 0.61 0.09 

791 100 0.47 0.04 
247 100 0.61 0.03 
312 100 0.32 0.04 
853 100 0.64 0.09 

791 150 0.41 0.02 
247 150 0.58 0.08 
312 150 0.32 0.04 
853 150 0.61 0.09 

1 .ZX I r3 
1 . 8 ~ 1 0 ~  
1.4~ 
1.2~104 

1.4x10-’ 
6.9~10” 
4.2~10-~ 
4.2x10-’ 

2 . 4 ~ 1 0 ~  
3.3x10-’ 
3 . 5 ~ 1 0 ~  
4.4x10-’ 

1 . 4 ~ 1 0 ~  
2.8x 10-3 
9.1x10-’ 
2.0~10-~ 

Table 3 
Analysis of DMF Uptake by Coal Samples Using Equation (1) 

PSOC Tempelatwe n 95%Clforn k 95%Clfork 
(“C) 

791 35 0.49 
247 35 0.51 
312 35 0.74 
853 35 0.62 

0.05 
0.04 
0.13 
0.29 

83x104 
1 .5~  1 0-3 
6.5x10-’ 
6.6~10” 

791 100 0.47 
247 100 0.67 
312 loo 0.52 
853 100 0.70 

791 150 0.59 
247 150 0.55 
312 150 0.61 
853 150 0.65 

0.07 
0.03 
0.03 
0.04 

0.06 
0.03 
0.02 
0.04 

1.6~1 0-3 
5.7~ 1 0-’ 
9.6x10-’ 
3.3x10-’ 

3 . 2 ~ 1 0 ~  
3.9xIp 
6.7~10” 
2.4x10-’ 
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These results indicate that anomalous transport is observed in some samples of coal, especially at 
the higher degree of crosslinking, exemplified by the high carbon content of the coal samples. No 
Case-I1 transport was observed, and the results indicate a slight decoupling of diffusion and re1;ix:itioii at 
higher temperatures. 

This work was supported by a grant from the Department of Energy (PETC). 
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Introduction 
The diffusion of solvents through coal is the limiting step of many coal processes and 

measurement of the mechanism and kinetics of solvent diffusion has been the subject of 
numerous investigations1>2. It is generally accepted that solvent diffusion through coal is 
analogous to the diffusion of solvents through conventional glassy polymers and much of 
the formalism of the latter has been applied to coals. The diffusion of solvents may vary 
between two extrema. If the diffusion is controlled by the concentration gradient between 
the center and the outside of the particle the diffusion mechanism is Fickian and, for 
diffusion into a sphere, the kinetics are expressed by the following expression4: 

1 

where M(t) is the mass uptake at time t, Me is the equilibrium mass uptake, a is the 
particle radius and D is the diffusion coefficient. However, the mechanism of diffusion can 
deviate significantly from the Fickian mode when the diffusing solvent changes the 
viscoelastic properties of the glassy solvent. In the limit the diffusion of solvents is 
completely controlled by polymer relaxation and the solvent advances through the polymer 
with a well defined front such that ahead of the front the solvent concentration is zero and 
behind the front the solvent is at equilibrium concentration. Furthermore, ahead of the 
front the polymer is glassy and behind the front the solvent is rubbery. This kind of 
diffusion is referred to as "relaxation" or "Case IT' diffusion and is characterized either by a 
polymer relaxation constant or the front velocity. Simple integration of the mass uptake at 
time t gives the following kinetic expressiod: 

3 - =  M(t) 1 - (1 - kot/ C,a) 
Me 

2 

where is the relaxation constant and Co is the equilibrium solvent concentra.tion. The 
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front velocity is ko/ C,. 
Diffusion mechanisms for solvents through coals has been shown to vary between 

there limits2. However, the structural features of the coal macromolecular structure or the 
details of the macromolecular/solvent interactions which determine diffusion mechanisms 
remain undefined and are the subject of this paper. 

The method used to monitor the amount of solvent that has diffused into the solvent is 
Dynamic Volumetric Swelling (DVS). Essentially, the amount of volumetric swelling is 
monitored as a function of time. Only solvent that has diffused into the "bulk" structure 
can cause coal to swell so that this technique is insensitive to occluded solvent At any time 
T, the amount of solvent that has diffused into the bulk is proportional to the amount of 
volumetric swelling, so that: 

M(t) Q(t) 
M e v l e 8  

_=-  3 

where Q(t) is the amount of volumetric swelling at time t and Qe is the equilibrium 
swelling. Graphically, to distinguish between the extremal modes of diffusion it is 
conventional to plot the normalized mass (or swelling) uptake as a function of root 
normalized time, (t/te)vL. Figure 1 shows the normalized plots for the theoretical Fickian 
and Relaxation diffusion modes. It can be seen that under this regime the normalized 
Fickian curve increases monotonically whereas the Relaxation controlled mode has an 
inflexion at low (t/tJm. 

Experimental 
The apparatus was adapted from a design by Ai& and S q u i d .  Essentially it consists 

of a glass cylinder 2 cm in diameter in which coal, supported by a quartz frit, interacts with 
the solvent A light PTFE piston is placed on top of the coal and the increase in the height 
of the coal sample is monitored by a linear transducer connected to a microcomputer. The 
piston was of such a size as to allow a gap of about 1/4m between the itself and the outer 
cylinder. The reaction chamber was surrounded by a constant temperature water bath, kept 
at 313K for these experiments. The coals were ground to between 60 and 30 Tyler mesh. 
With this particle size the diffusion of solvents through the c@ bed was at least two orders 
of magnitude faster than diffusion into the particles. Coal was placed into the cylinder and 
the upper surface levelled. The initial height of the coal sample was measured and the 
piston and transducer placed on the coal. Solvent was introduced into the chamber to just 
below the frit and allowed to come to thermal equilibrium. Further solvent was added until 
the coal and piston were covered. The increase in sample height was monitored as a 
function of time. Since the approach to equilibrium swelling was asymptotic, the 
equilibrium time was chosen as the time to reach 99.5% of the equilibrium swelling value. 

The coals were obtained from the coal bank of the Northern Carbon Research 
Laboratories and are described in Table 1. Two solvent sets were chosen, a set of 
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substituted pyridine molecules and a set of straight chain amines. The former were chosen 
because the steric pmperties of the molecules are similar but the basicity depends upon the 
substitution. In the latter, the molar volume increases with amine chain length whereas the 
basicity is relatively constant with amine chain length. The pKb values and molar volumes 
of these solvent sets are given in Table 2. 

Results and Discussion 
Figure 2 shows the swelling curves for Gedling coal as a function of time. As would 

be expected, the time to equilibrium swelling (as defined above) increases as a function of 
amine chain length or molar volume. The amount of swelling also increases with amine 
molar volume, as observed by Green and West7. However, Figure 3 shows that when the 
swelling is normalized and plotted against mot normalized time the curves have the same 
trajectory. Therefore all of the amines have the same swelling mechanism, regardless of 
molar volume. 

Figure 4 shows the normalized DVS data for the substituted pyridine set. The diffusion 
changes from an anomalous mode for the pyridine and 2-methylpyridine to Fickian for the 
2-fluompyridine. 

The principal mechanism of swelling for bases such as the amine and substituted 
pyridine sets appears to involve the disruption of inter chain hydrogen bonds8.9. Coal 
hydrogen bonds have a range of bond energy9. One result of this is that weaker bases, 
such as the 2-fluompyridine, are able to disrupt only the weakest hydrogen bonds, stronger 
hydrogen bonds act as defacto crosslinks. As solvent basicity increases in the substituted 
pyridine set the solvents are able to disrupt increasing numbers of hydrogen bonds. 
Eventually a point is reached at which all of the hydrogen bonds are disrupted. This is 
manifested as a plateau in sweUing/basicity curves9. 

One explanation of the progressive change from anomalous diffusion to Fickian 
diffusion could be that as the bases disrupt hydrogen bonds so the viscoelastic properties of 
the coals change from glassy to increasingly rubbery in the presence of the solvents. 
However, Figure 4 shows that pyridine and 2-methylpyridine have the same diffusion 
mechanism, even though their basicities are significantly different. This can be rationalized 
by noting that pyridine and 2-methylpyridine swell Gedling coal to the same extent9 and, 
by hypothesis, disrupt the same number of hydrogen bonds. 

Further corroborative evidence for the above theory comes from the diffusion 
mechanisms of the straight chain amine set. The amine chain length has little effect on 
molecular basicity and the observed increase in swelling with chain length has been 
attributed to the presence of increasingly larger molecules within the coal structure7. Green 
and West7 have presented evidence to suggest that the molar amount of amine is absorbed 
per unit weight of coal is independent of amine size. This is consistent with the idea of 
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solvent basicity determining the number of hydrogen bonds disrupted. 
From the above a consistent picture can be made of the factors which determine 

diffusion mechanisms for basic solvents. In its usual state Gedling coal is glassy at mom 
temperature. When hydrogen bonds are disrupted by basic solvents the effective crosslink 
density decreases. There is an associated change of the coal viscoelastic properties as the 
coal becomes more rubbery. The degree to which coal becomes rubbery is a function of 
the density of hydrogen bonds disrupted. No assumptions are made about the mechanism 
by which basic solvents disrupt hydrogen bonds. However, the disruption of hydrogen 
bonds in itself may not be sufficient to change coal viscoelastic properties. Lucht et ~1 .10  
have shown that Tg is reduced only to a limiting value of about 410K following sorption of 
pyridine vapor. There is a certain amount of evidence from work by Brennerll to suggest 
that solvent which makes coal rubbery is weakly associated in the coal structure. This may 
imply some sort of a solvent plasticization effect. These observations are not inconsistent 
with the picture presented above because during the uptake of liquids, for the Anomalous 
and Relaxation controlled diffusion, the concentration of solvent behind the solvent front 
must be sufficiently large to cause the rubbery behavior. In summary, the above picture 
only seeks to stresses that an essential part of the glass to rubber conversion is the 
disruption of hydrogen bonds. Recent, unpublished, work suggests that solvents which 
would be expected to have a plasticization effect similar to pyridine (such as chlorobenzene) 
in themselves do not change coal viscoelastic properties. 

With the preceding in mind, an attempt can now be made to interpret the diffusion 
properties of a rank range of coals. The diffusion mechanisms are presented in Figure 5 
with pyridine as the diffusing solvent The lignite displays a Fickian diffusion and the 
diffusional mode becomes increasingly Relaxation controlled as rank increases. The 
diffusional mode for Cortonwood is well outside of the theoretical Relaxation controlled 
limit. Now, if the change in viscoelastic properties were simply a function of the density of 
hydrogen bonds disrupted then relaxation controlled behavior would be expected for coals 
with high oxygen contents. In fact the opposite is true. This can be rationalized by 
assuming that the change in viscoelastic property is, cererisparibur, a function of the ratio 
of crosslink density before and after solvent diffusion i.e. (Mc/Mc+Mh). Where Mc is 
the covalent crosslink density and Mh is the hydrogen bond crosslink density. If this is 
indeed the case then the ratio of hydrogen bond to covalent (and other non-scissile) 
crosslinks increases as a function of coal rank in the range 50-87% carbon content. 
supportive evidence for this hypothesis comes from a body of data, derived from a variety 
of coal chemical and physical properties, which suggests that the crosslink density of coal 
reaches a minimum at about 87% carbon content3p8. 

There is no easy explanation in this framework for the behavior of Cortonwood coal. 
The swelling appeared to be a two-stage process with a quasi-equdibrium followed by a 
very slow approach to swelling equilibrium. A detailed picture of the factors influencing 
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coal diffusion mechanism requires more work. The role of solvent plasticization is 
unexplored. 

Conclusions 
The mechanism of diffusion of a solvent through a coal is, in part, determined by the 

degree to which the diffusing solvent changes the coal viscoelastic properties. One factor 
which influences this is the density of hydrogen bonds disrupted by the solvent in ratio to 
the non-scissile coal crosslinks. Solvent steric properties influence the kinetics, but not the 
mechanism of diffusion. 
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Table 1 

Coal %C %H Y&* %N 

NDLignite 50.0 4.3 45.7 - 
Gedling 81.6 5.2 9.4 1.7 
Cresswell 84.5 5.5 5.9 1.9 
Cortonwood 87.2 5.6 3.9 1.7 

%Mineral 

2.8 
3.0 
2.7 

* by difference 
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Table 2 

Solvent 
Propylamine 
Butylamine 
Propylamine 
Hexylamine 

2-meth y lpy~idine 
Pyridine 
2-chloropyridine 
2-fluoropyridine 

pKb Molar Volume (cm 3/m01) 
3.3 82.2 
3.2 98.8 
3.4 115.9 
3.4 132.1 

8.0 98.8 
8.6 80.9 
13.5 94.6 
14.4 86.1 

0 . 0  0.2 0.4 0.6  0 .8  1.0 
d(Dt/a.a) or d(kotlC0.a) 

Figure 1. The normalized, theoretical, modes for Fickian and Relaxation-controlled 
diffusion into a sphere. 
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Figure 2. ?he dynamic volumetric swelling for straight chain amines in Gedling 
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Figure 3. The diffusion mechanism for shajght chain amines into Gedling coal at 313K as 
deduced from dynamic volumetric swelling. 
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2-chlorop yridine 

pyridine, 2-picoline 

0 . 0  0 . 2  0 . 4  0 . 6  0 . 8  1.0 
-,'(the) 

Figure 4. The diffusion mechanisms for substituted pydidines into Gedling coal at 313K, 
as deduced from dynamic volumehc swelling. 
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Figure 5. The difhsion mechanisms for pydidine into a range of coals at 313K, as 
deduced from dynamic volumemc swelling. 
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i i imucmm 
The characterization of coal as a macromolecular network has resulted in a significant advance in our 
understanding of this complex material. By applying the theories of Paul Flory (1,2), the solubility 
(or, more accurately, extractability) and swelling of a coal can be used as a probe of structure (3- 11). 
It is widely recognized however, that the original theories are flawed, particularly the Flory-Rehner 
treatment of the swelling of polymer networks (although it apparently benefits from the cancellation of 
errors (12)), and their application to coals is further limited by the presumed non-Gaussian behaviour 
of the "chains" and the realization that coal segments interact with each other and solvent through the 
formation of hydrogen bonds. Strong, specific interactions such as these are not accounted for in 
Flory's original equations describing the free energy of mixing and the Contribution of the chemical 
potentials to the balance of forces involved in the swelling of a cross-linked network. We have 
recently developed an association model that can account for hydrogen bonding in polymer mixtures 
(13-16). The result is a Flory-Huggins equation accounting for the entropy of mixing and the 
dispersive (and other) non-hydrogen bonding forces described by a x parameter, with an addition free 
energy term AGH that accounts for the change in the number and type of hydrogen bonds that occur as 
a function of composition; 

where @ 4 are volume fractions and xA.xB are "degrees of polymerization", or, more accurately, the 
ratio's otihtmolar volumes of the components relative to a reference molar volume. The crucial 
points concerning this equation are: 

1) The AGH term is negative and favourable to mixing 
2) The quantities used to calculate AGH are determined experimentally and there are no adjustable 

parameters in this term 
3) Phase behaviour is determined by the balance between the positive and unfavourable to mixing x 

term and the favourable to mixing entropic and AGH terms and the contribution of these terms to 
the derivatives of the free energy with respect to composition. 

The equations for AGH and its derivatives and the details of their specific application to coal have k e n  
presented elsewhere (17,lS). Here we will concern ourselves with a brief outline of some of our most 
important recent results. Space does not permit a detailed description of the calculations, which will be 
presented in a set of three papers that are a b u t  to be submitted for publication (19-21). Our 
discussion will touch upon; 

a) The determination of x from solubility parameters. 
b) The calculation of "hypothetical" phase diagrams for coal solutions 
c) The calculation of the molecular weight between cross-link points from swelling measurements 
d) The formulation of a new model for the description of coal swelling and its relationship to 

structure. 
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COAL. SOLUBILITY PARAhETERS 

If we are. limiting its application to non-specific and (relatively) weak interactions, then the value of the 
Rory X parameter can be estimated from solubility parameters using 

V 2 
x = (% - 6s) + 0.34 

where VB is a reference volume and & and S, are the solubility parameters of the coal and solvent, 
respectively. For an insoluble network the solubility parameter (4) has been determined in one of two 
ways; from group contributions using, for example, the methods of van Krevelen (4.22) Hoy (23) or 
Small (24), of from swelling measurements. Unfortunately, both these methods involve difficulties 
and for coals lead to the prediction of very different solubility parameters, even when the effect of 
hydrogen bonding is minimized or excluded. For example, h e n  et al. (7) carefully examined the 
swelling of acetylated coals in non-hydrogen bonding solvents. An Illinois No. 6 and a Bruceton coal 
both gave a maximum degree of swelling for solvents with solubility parameters in the range 9- I O  
( ~ a l . c m ~ ) ~ n .  This value would then normally be taken as the proper value for coal, as it would give 
the minimum value for x. However, a calculation of the corresponding solubility parameters using the 
atomic contribution method proposed by van Krevelen (4) gives values in the range 11-12 
(caVcrn3)'n, depending upon the precise value of the fraction aromaticity assumed for these samples. 
We found it difficult to understand precisely how van Krevelen obtained his parameters, as his 
methodology is not described, but on the basis of our calculations we believe it to be prone to large 
errors and fully of broad and perhaps unjustifiable assumptions, as we will discuss in detail elsewhere 
in a separate publication (19). The obvious choice would therefore seem to be the experimentally 
determined values. Paradoxically, we believe that van Krevelen's result is at least in the right range 
and the value obtained from maximum swelling i s m  the value for coal. 'This is not because of any 
problem with the experiments, but one that has its origins in free volume or compressibility effects that 
are ignored in simple theories of mixing. 

In resolving the differences in the values of 4 given by group contributions and swelling 
measurements we first observe that this problem is not unique to coal. Bristow and Watson (26) 
found that certain rubbers with solubility parameter values of the order of 9-10, gave maximum 
swelling in a series of n-alkanes with heptane, G7.4. This difference was demonstrated to be due to 
so-called free volume effects by Biros et al. (27). who applied Flory's equation-of-state theory (2). it 
is a relatively straightfonvard matter to show that such effects also account for the observed maximum 
in the swelling of coal. We have applied the.lattice fluid model of Sanchez and Lacombe (28-30) rather 
than Flory's theory, however. 

The association formalism we use to describe hydrogen bond interactions and the Sanchez-Lacombe 
theory are both simple latace models, so for future application it is more appropriate to combine these 
approaches, as we will report elsewhere (31). than to somehow graft an association model onto 
Flory's equation-of-state. Accordingly, using the equations of Sanchez and Lacombe (28-29) the 
Rory x parameter can be written as: 

or, more simply 
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X = i 2 . c e + p l  
kT (4) 

where F, Tare the reduced density and temperature (see references 27-29) and the subscripts 1 and 2 
refer to components 1 and 2 of the mixture. The term A&* is given by 

AE* = El,' + e2;- 2e1; (5) 

and is the u s d  difference in the energy of 1-2 contacts relative to 1-1.2-2 contacts. If we make the 
geometric mean assumption 

(6 )  

then 

The correspondence of this equation to the solubility parameter approach can then be seen immediately 
by rewriting equation 1 on the basis of numbers of molecules rather than moles and transforming the 
subscripts: 

The solubility parameters are related to the cohesive energy densities (CED) and hence the lattice fluid 
parameters (28.29) through 

where V* is the average close packed volume of a segment and generally varies with composition (i.e., 
VI* +v2*). If we assume there is no dependence of the energies of interaction (€1 I* etc.) on 
composition and use the identity VI = VI*/ ai, then equation (8) can be obtained directly from equation 
7. Accordingly, in the solubility parameter approach we can identify the parameter p with so-called 
free volume or compressibility effects, while the (81-&)* term reflects exchange interaction energies 
that are assumed independent of composition. We must now face the following question: for coal is 
the value of p of the order of 0.34, as in many polymer systems, or are free volume differences such 
that there is a larger deviation? It is a relatively stmightforward matter to use equation 3 to calculate x 
for various coaVsolvent mixtures. The necessary parameters for the solvents used by Larsen et al. (7) 
were obtained from Sanchez and Lacombe (28). while the parameters for coal were calculated from its 
coefficient of thermal expansion (a = 1 x 10-5, from van Krevelen (34) and an assumed value of the 
solubility parameter of 4 = 11.8, a value estimated from van Krevelen's method (4). Coal-solvent 
interactions were also assumed to be given by the usual geometric mean assumption. The equations 
necessary for these calculations are given elsewhere (19) and here we simply resent the result in 

value of X and hence a predicted maximum swelling with a solvent that has a solubility parameter of 
Figure 1, a plot of x vs &. A coal with a solubility parameter of 11.8 (cal/cm 5 )In has a minimum 
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about IO (caVcm3)l~. A value of 6 for an Illinois #6 coal of 11.4, as we estimate from a revised 
methodology (19) gives a predicted maximum swelling with non-hydrogen bonding solvents that have 
a solubility parameter in the range 9-10, corresponding to the value determined experimentally by 
Larsen et al. (7). 

THE PHASE BEHAVIOUR OF SOLUTIONS OF COAL MOLECULES 

An understanding of the solubility of a coal in various solvents can be obtained by a calculation of 
hypothetical phase diagrams. They are hypothetical in the sense that we assume that the coal is not 
cross-linked, but is simply a macromolecule. This macromolecule could be highly branched and with 
an extremely high molecular weight, but within the limitations of the simple lamce model applied here 
its equilibrium properties can be determined. This, in turn, allows an understanding of why a 
particular solvent is capable of extracting more (or less) soluble material than another and, as we will 
see, provides some fundamental insight into the variation of swelling behavior with temperature. 

In a preliminary communication of this work (18) we calculated theoretical phase diagrams as a 
function of coal rank. the value of x was estimated using van Krevelens method (4). As we will 
discuss in detail in a separate paper (19), we have little confidence in the value so calculated 
for any particular coal, but the trend with rank makes sense in terms of what we know about the 
structure of coal and the value appears to be in the right range. The calculation of the AGH term and 
the derivatives of the free energy are described in previous publications (13-18). hexe we will discuss 
the calculated spinodals for three coals, an Illinois #6, PSOC 207 and PSOC 402, shown in Figures 2- 
4, as these results bear on the interpretation of swelling measurements. 

For Illinois #6 coal we illusmte the spinodals obtained for mixing with three different solvents, 
pyridine, THF and benzene. For pyridine, we predict a typical inverted “ U  shaped stability curve 
with an upper critical solution temperature near 25OC. Mixtures with THF and benzene are predicted to 
be far less miscible, with the stability limits calculated to be near the two composition extremes. An 
examination of Table 1, which lists the solvent parameters utilized here, together with some values for 
other solvents, immediately demonsnates why. Pyridine forms much stronger hydrogen bonds that 
the other solvents listed (as measured by the equilibrium constant KA) and, in addition, its solubility 
parameter is closer to the range we estimate represents the most likely value for this coal (1 1-12 
(cYcm3)’n). Thus, favorable interactions (coal solvent hydrogen bonds) are maximized and x is 
minimized. This is a crucial point, correlation of coal swelling to a single parameter, chosen so as to 
represent x or some measure of the strength of favorable interactions, can be misleading. It is the 
balance of favorable and unfavorable forces that is crucial. 

The calculated spinodals for PSOC 207 and PSOC 402 in pyridine show progressively increasing 
values of the upper critical solution temperature (maximum value of the inverted “U) relative to 
Illinois #6 coal, a uend that largely reflects the increasing value of x calculated for this coal-pyridine 
series. To reiterate, although the precise positions of these curves are obviously affected by the errors 
in calculating &, we believe that this predicted &!XI in behavior should be reasonably accurate. 

The calculated phase behavioun indicates that if these coals were not cross-linked they would be 
completely soluble in pyridine at elevated temperatures. This remains true even if we assume very 
high molecular weights for the coal molecules (the contribution of the combinatorial entropy from the 
coal is very small for the degree of polymerization XB assumed in these calculations (xg=loO); 
changing this value to 1OOO or 10,ooO has only a minor effect on the calculated spinodals, as illustrate4 
in our preceding publications (17.18)). Accordingly, we believe that these results saongly support the 
present generally held view that at least up to a certain carbon content, coals are. cross-linked networks 

THE SWELLING OF COAL 

Hydrogen b n d i n g  affects the swelling of coal through its contribution to the chemical potential of the 
solvent (AGGH)A. The Flory Rehner equation, as modified by Kovac (32) and applied to coal by 
Larsen et al. (7),can then be written 
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where h?, is the number average molecular weight between cross link points and N represents the 
number of "clusters" between cross link points. Larsen et al. (7) studied the swelling of an extracted 
but otherwise unreacted Illinois #6coal in pyridine. Using the reported sweiiing ration of about 
Q=2.4, we obtained the plotsof &, the number averdge molecular weight between cross link points 
againstMo, the assumed molecular weight of a coal cluster, shown in Figure 5. In this initial plot we 
put (AGH)A = 0, Le., we ignored hydrogen bonding. Results were obtained for four different 
assumed values of &d. ranging from 9 to 12 and display the large sensitivity to x noted by Lucht and 
Peppas (8). These results are dramatically altered if we now include the effect of hydrogen bonding, 
using equation 10. The effecLof variations in x is now greatly reduced, as can be seen from Figure 6, 
and the calculated values of & are now much smaller. this is a consequence of the large contribution 
of hydrogen bonding to the chemical potential of the solvent, Le., the (AGH)A term dominates the x 
term. A calculated molecular weight of about 500, or "degree of polymerimtion" of about 2 clusters, 
between cross-link points is determined. This appears to be too small to be reasonable, but we will 
defer a discussion of this point  until after we consider some additional data. 

Lucht and Peppas (9) have also studied the swelling of various coals in pyridine, including PSOC 207 
and PSOC 402. These swelling measurements were conducted at three different tempewtures, 35,60 
and 80°C. and the results of applying equation IO to their data is shown in Figures 7 and 8. I t  c3n be 
seen that there are distinct differences in the calculated values of the molecular weight between cross- 
link points with much larger values being determined at high temperatures. Unlike Lucht and Pepp:rs 
(8), we allowed x to havc its usual In dependence, while the variation of the values of the equilibrium 
constants, and hence (AGH)A, with temperature was determined through the usual vant Hofi 
relationship (14). Accordingly, it is not the temperature dependence of the solvent chemical potential 
that is responsible for such large differences. Only small variations might be expected due to the errors 
inherent in the various assumptions that are made concerning the form of the temperature dependence 
ofthe parameters over this fairly limited range. An explanation is immediately apparent if we examine 
the calculated solution phase diagrams shown in Figures 3 and 4, however. PSOC 207 and 402 are 
predicted to have upper critical solution temperatures near75 and 125°C. respectively, these valwj 
being subject to the significant errors involved in estimating x( 19). Clearly, if the swollen network is 
at a temperature above this transition, in the single phase region, the cod should swell to the limit 
imposed by the nature of the network. Below this transition, however, there is a two phase. re g ion tliiit 
is predicted for the coal primary chains in pyridine. The precise position of this transition for the 
network would be affected by the elastic forces between cross-link points, but clearly at som, - critical 
temperature solvent would be expelled leading to the phenomenon of gel collapse. The plots shown ill 
Figures 7 and 8 suggest that this is precisely what we are observing in coal. PSOC 207 shows a hrgc 
change in swelling and hence calculated molecular weight on going from 35OC to 60°C. but 3 small 
difference on going from 60°C to 80°C. In contrast, the major change for PSOC 402 appears to occur 
beween 60°C and 80°C. We believe that these discontinuities in behaviour are due to expulsion of 
solvent from the swollen coal network. Our association model predicts this remarkably well; ;in 
examination of the calculated solution phase behaviours, shown in Figures 4 and 5, indicates that 
PSOC 402 has a higher UCST than PSOC 207. The absolute values of the transition are off by 
approximately 4OoC, but this is not bad considering the errors in calculating x and the probability that 
we should include a chain extension term in accounting for the phase behaviour of the gel. 

If we now consider the values of the molecular weight obtained at the highest swelling temperature to 
be the most accurate, the predicted molecular weight between cross links is now more reasonable, but 
still small in terms of the inherent limitations of the model. If we further assume that the molecular 
weight of an average "cluster" is of the order of 200, this model predicts that the number of such 
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clusters between cross links is of the order of three for these coals. We must therefore, question 
whether it is at all appropriate to apply Flory's theory to coal, even in the modified form expressed by 
equation 10. We will suggest an alternative in the following section. 

SWELLING BY DISINTERSPERSION 

Even if we discount the flaws perceived by various authors in the original Flory-Rehner theory, its 
application to coal, even using the modified Gaussian statistics proposed by Kovac (32) and 
accounting for the contribution of hydrogen bonding, must be considered highly suspect. The results 
suggest that the number of aromatic "clusters" between crosslinks is small and such chains are 
certainly stiff. Nevertheless, we believe that it is possible to construct a simple model that provides at 
least a rough estimate of the molecular weight between cross-link points, although we do not formulate 
it in those terms. 

This model is based on the very important observations of Bastide et al. (33) that the radius of gyration 
of the chains of a swollen polystyrene gel were equal, within the limits of experimental error, to that of 
the free chains in the same solvent, and did not vary when the degree of swelling was altered. On this 
basis it was proposed (34) that swelling was associated with a topological reorganization of the 
network, where the cross link points essentially rearrange their positions with only minor perturbations 
to the chain dimensions, a process that these authors labeled disinterspersion. We assume that the stiff 
molecules in coal essentially unfold in this manner and that the degree of swelling is then limited by the 
geomew of the system. A more complete account of our arguments is given in reference 1, but a 
schematic view of this process is illustrated in Figure 9. Strangely enough, we will argue that the coal 
"chains" are not straight rods, as shown in this figure, but follow random walk or perhaps self 
avoiding walk statistics. This is a second crucial point in the development of our simple model. It is 
important to realize that we are. not making this claim on the basis of any argument concerning chain 
flexibility. Instead, we propose that this is a consequence of the heterogeneity of linkages that must 
occur in coal. A two dimensional view of simple aromatic units (benzene and naphthalene rings), 
linked by -CHz- and -0- groups, is shown in Figure 10. Even if we require on steric grounds that 
bonds in the ortho position are unlikely, the variety of other possibilities result in a chain that can be 
modeled by a set of virtual bonds, in this example shown linking the centers of the aromatic clusters, 
such that they trace out a (more-or-less) random walk or random flight: If the network then simply 
swells to the limit permitted by the "unfolding" of these chains, which behave as stiff, bent wires, then 
the relationship between the degree of swelling and the contour length of these chains follows from 
simple geometry. If we let the functionality of the network be equal to f and the average end-to-end 
distance between cross link points be equal to & (=&bln), then we can pick a cross-lin3point i n  the 
swollen network at random and determine the volume of the chains in the volume (4/3) nR,, following 
Bastide et al. (34). This is equal to WsN, where Vs is the volume occupied by each "repeat" unit and 
N is the number of repeat units in each primary chain. It then follows that the volume fraction of 
polymer in the swollen gel is given by 

3WSN 
@ = -  

4NnR: 
. \' 

The quantity R.-, is related to N by the general relationship 

% = a W  

where a is the length of an average unit and v has a value in the range 0.5 to 1 (for a random walk v = 
0.5, a self avoiding walk v = 0.6 and for a rigid rod v = 1). 

The parameter a, Vs and N are not easily defined for any particular coal, but, as we show in more 
detail in a separate publication (21), by defining these quantities on a per carbon atom basis we obtain 
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where Nc is the number of carbon atoms between cross-link points, V, is the molar volume per carbon 
atom (which can be determined from the elemental composition and density), and a, is the length of 
such a cluster (or virtual bond in Figure 10) divided by the number of carbon atoms (ne in that cluster. 
If we assume that as a result of the heterogeneities of the cross-link points and the limited degree of 
chain flexibility that can occur in a good solvent, v = 0.6, then plots of N, vs n, for various values of 
a, can be constructed, as shown in Figure. 11 (a value off = 3 WBS assumed). The data used to obtain 
these plots was that of the Illinois #6 coal studied by Larsen et al. (7). If we assume an average of 8-9 
carbon atoms per repat  or cluster, corresponding to a mixture of substituted benzene and naphthalene 
rings, with the former predominating, then it follows from known bond length and bond angle 
geomeaies that a, is in the range 0.5 to 0.6, so that N, would have a value somewhere between 25 and 
45 carbon atoms, corresponding to approximately 3-5 clusters between each cross-link point. For a 
network with f = 4, this increases to a value between 4 and 7 (19). 

CONCLUSIONS 

We believe a number of important conclusions follow from this analysis, amongst the most significant 
of which are: 

1) Solubility parameters for coal are not accurately determined from swelling measurements because 
of free volume effects. 

2) The phase behaviour of the coal networklsolvent has to be taken into account when conducting 
swelling measurements. 

3) We predict that the phenomenon of gel collapse could occur in coal. 

4) A simple model for coal swelling based on disinterspersion has been proposed, following the work 
of Bastide et al. (33.34). 
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Table i. Paramctcn for Solvents at 25'C 

" 8  K A  h, 6, 
(em3 mol") (kcal mol") '(kcal mol") (cal c ~ n - ~ ) ' ' ~  

81 284.87 8.9 10.6 

m .  74.3 89.54 5.76 9.9 

ACEmN 74.3 58.9 4.03 9.9 

IDIE'IHYLIXER 101.7 45.24 5.76 7.5 

/ACE*O*TRUE 55.4 23.56 2.03 11.8 
~~~ 

82.2 1.41' 1.25 9. I 

* Weak H-bonds bctwecn OH groups and A clccrrans have been proposed 

314 



6 7 9 10 11 8 

SOLUBILITY PARAMETER 

100-D  
h 

0 
0 5 0 - D  
v 

I- 0 - 3  

-50-. 

-1 00 

2 

-D 0 

0 
.D 0 
D o n  

o n  
30 o m  . O P  

I. . 
I . . o m  . o m  

* E l  
I m a  

. . ; -3 . 
o m  

I ': -: 
I . I . I . 1 .  

. -,. 

Figure 1. Plot of X vs solubility parameters for the Illinois 
116 coal and solvents studied by Largen et al. (7). 
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Figure 2. Phase diagram (spinodals) for an Illinois 86 coal 
mixed with various solvents. 
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COAL(PSOC207)-PYRIDINE MIXTURE 
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Figure 3 .  Phase diagram ( sp inoda l )  for PSOC 207- 
pyridine mixtures.  
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Figure 4 .  Spinodal f o r  PSOS 402fpyridine mixtures.  

o ! . ,  . I .  , . , . , . I  

M o  
0 100 200 300 400 5 0 0  6 0 0  

Figure 5 .  P l o t  of& vs MO ( s e e  t e x t )  f o r  
I l l i n o i s  66 c o a l ,  i gnor ing  hydrogen bonds. 

316 



700 
e n  

* n  

600 - * ; ; P o  

* D e  - * ' l e  
M, 500- 0 0  

8 4  
b e  

400- 8 P 
0 

300- ' t ' t ' I ' 4 ' I 

i n 

6 -  = -  Fl 
12 

M o  
- 

Figure 7. MC vs MO for  PSoc 207. 

PSOC402 

1200 
(Accounling for hydrogen bonding) , 

1000 -I I 

8 

0 1 0 0  2 0 0  300 4 0 0  500 600 
M O  

Figure 8 .  E?, vs Mo for  PSOC 402 
317 



Fiture 9. Disinterspersion for a 
network of rigid rods. 
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Figure 10. A random walk imposed by a 
pattern of substitution in a 
rigid chain. 
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Figure 11. Plot of Nc (number of carbon atoms between 
cross link points) vs nc (the number of 
carbon atoms per cluster). 
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INTRODUCTION 

It is known that solvent-induced crystallizatiop of amorphous polymers 
can occur below their glass transition temperatures. This conformational 
change of the polymer chains into a lower free energy state is facilitated by 
the presence of the solvent. We recent13 reported a similar solvent-induzed 
association between coal macromolecules. This is analogous to the solvent- 
induced crystallization of amorphous polymers in that the amorphous coal 
macromolecules are altered to increase relatively strong intermolecular inter- 
actions leading to a lower free energy state. 

It was previously observed that the pyridine extractability and optical 
anistrophy of Pittsburgh No. 8 coal decreased after heating at 11S0C in 
chlorobenzene under nitrogen for seven days. 
temperature for one day, followed by eliminating pyridine, had the same effect 
on pyridine extractability as exposure to hot chlorobenzene for a week. 
Treatment of the pyridine extract from the same coal with chlorobenzene 
(115OC, 1 week) resulted in about half of the formerly soluble extract becom- 
ing pyridine-insoluble. The physical interactions responsible for the 
solvent-induced conformational changes of coal macromolecules are relatively 
strong, because some of these interactions cannot be overcome by solvation 
with pyridine. 

Immersion in pyridine at room 

In this paper, the solvent-induced associations of several highvolatile 
bituminous coals were investigated in several solvents for various times. The 
scope and magnitude of the phenomenon in bituminous coals was investigated in 
several solvents for various times. The scope and magnitude of the phenomenon 
in bituminous coals was explored, though not exhaustively. Additional struc- 
tural information on the changes occurring in these samples was obtained using 
FT-IR and X-ray diffraction. 

EXPERIMENTAL SECTION 

ACS reagents and HPLC grade solvents were used. Tetrahydrofuran (THF) 

The coal samples were obtained from Exxon Research and Engi- 
was distilled before use, and the other solvents were used without further 
purification. 
neering Co. and the Pennsylvania State University'Coal Bank. Their elemental 
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analyses were given in the previous paper.' 
sifted under a nitrogen atmosphere. 
used in the experiments. 

Coal samples were ground and 
Minus 60-mesh size coal particles were 

Samples (two-gram) were extracted with 200 mL of pyridine for 24 hours in 
a Soxhlet apparatus under nitrogen atmosphere. 
to constant weight in a vacuum oven at 50°C after evaporation of the pyridine. 

Approximately 5 grams of each coal sample was placed in 100 mL of solvent 

The coal extracts were dried 

in a 250 mL flask or a 300 mL autoclave and magnetically stirred under nitro- 
gen. The mixture was either stirred at room temperature, heated, or mildly 
refluxed in an oil bath or in an autoclave heater. The cooled mixture was 
dried using a rotary evaporator, mixed with methanol, and filtered, while 
being rinsed with methanol several times. The coal was dried to constant 
weight in the vacuum oven at 50'C. 

O-methylation was carried out following the method of Liotta.' Two dif- 
ferent 0-methylated Pittsburgh No. 8 coals were prepared. One was obtained 
using normal conditions (exhaustive alkylation), and the other was partially 
alkylated by using a limited amount of alkylation resgents. For the latt5r 
reaction, 5 grams of coal samples was placed in 100 mL of THF, and 1.5 cm of 
IM tetrabutylammonium hydroxide in methanol and 0.2 cm3 of iodomethane were 
used in the reactions. 

Infrared spectra were obtained on an IBM 97/IR Series Fourier Transform 

Samples for infrared 
Photo coustic Infrared Spectrometer. Spectra were recorded from 256 scans at 
8 an-' resolution against a reference of carbon black. 
spectra were further evacuated for 12 hours at 100°C. 

X-ray diffraction studies were carried out at ambient temperatures on a 
Phillips APD 3600 Automated Powder Diffractometer (Phillips Electronics 
Instruments, Inc., Mahwah, NJ) using CuK radiation (1.5418 A) at 45 kV. 40 
ma. The diffractometer was equipped with a graphite monochrometer. theta- 
compensating slit, scintillation counter, and pulse-height selector. The 
X-ray data were collected, stored, and displayed using the APD 3600 data 
system. 

RESULTS 

Pittsburgh No. 8 coal was immersed or mildly refluxed in the following 
hot solvents for times as long as 28 days: chlorobenzene, toluene, toluene/ 
ethanol (95/5 vol X ) ,  and H 0. 0-methylated Pittsburgh No. 8 coals were 
similarly treated in toluene for one week. These solvent-treated coals were 
dried and Soxhlet extracted with pyridine. The pyridine extraction yields are 
plotted in Figure 1. Figure 2 shows the changes in pyridine extractability 
(Soxhlet) with time for various high-volatile bituminous coals heated at 115OC 
in chlorobenzene. The solvent treatment resulted in decreasing amounts of 
pyridine extracts for all coals studied. Table I shows the change in pyridine 
Soxhlet extractability for Illinois No. 6 coal treated in chlorobenzene at 
different temperatures for 24 hours. 

Structural differences between the original and the solvent-treated coals 
were investigated using photoacoustic Fourier transform infrared spectroscopy. 

2 
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Absorptions due t o  hydrogen bonds i n  t h e s e  s a  p l e s  were s l i g h t l y  d i f f e r e n t .  
Figure 3 shows ove r l ay  s p e c t r a  (2810-3740 cm 
four-week chlorobenze e t r e a t e d  P i t t s b u r g h  No. 8 coa l s .  
between 3200-3516 cm-' ;as observed f o r  t h e  Untreated coa l  a f t e r  soaking i n  
methanol and drying. The four-day,  one-week and two-week ehlorobenzene- 
t r e a t e d  c o a l s  gave s p e c t r a  a lmost  i d e n t i c a l  t o  t h a t  of t h e  two-day t r e a t e d  
coal .  

veyed us ing  t h e  X-ray d i f f r a c t i o n  [OOZ] band.' The X-ray 
peak of t h e  P i t t s b u r g h  No. 8 c o a l  is very  weak, and no change r e s u l t e d  from 
chlorobeiizene t reatment .  A py r id ine  e x t r a c r  from P i t t sbu rgh  No. 8 c o a l  was 
t r e a t e d  wi th  chlorobenzene a t  115°C f o r  a week, and t h e  po r t ion  rendered 
in so lub le  by t h i s  t r ea tmen t  was i s o l a t e d  and sub jec t ed  t o  X-ray a n a l y s i s .  
LO021 band w a s  observed. 

-7 
) of t h e  o r i g i n a l ,  two-day, and 

No absorbance change 

Changes i n  aromatic  p a r a l l e l  s t a c k i n g  du t o  so lven t  t r ea tmen t  were SUP 

[OOZ] d e f f r a c t i o n  

No 

DISCUSSION 

One of t h e  major secondary i n t e r a c t i o n s  i n  c o a l s  is hydrogen 
Tolueng,$nd chlorobenzene cannot break hydrogen bonds i n  c o a l s  a t  room temper- 
a t u r e .  However, i t  is poss ib l e  t h a t  weak hydrogen bonds a r e  broken therm- 
a l l y  a t  higheg temperatures ,  because such s o l v e n t s  s w e l l  c o a l s  more a t  higher  
temperatures .  The a b i l i t y  of chlorobenzene t o  d i s r u p t  t h e  weak secondary 
i n t e r a c t i o n s  i n  c o a l s  is expected t o  be s l i g h t l y  g r e a t e r  t han  t h a t  of toluene,  
because of i t s  g r e a t e r  i n t e r a c t i o n  with c o a l s  as revealed by i t s  h ighe r  
solvent-swel l ing values .  The a b i l i t y  of toluene con ta in ing  e thano l  t o  d i s r u p t  
t h e  weak secondary i n t e r a c t i o n s  should be g r e a t e r  t han  pure to luene  s i n c e  
e thano l  can p a r t i c i p a t e  i n  and break coal-coal  hydrogen bonds while  t o luene  
cannot.  
temperature  and so thoroughly d i s r u p t s  t h e s e  interact ions. '*  

, 

Pyr id ine  can break most,  i f  not  a l l ,  hydrogen boo s 7 i n  c o a l s  a t  room 

The r e l a t i v e  rates of dec rease  i n  py r id ine  Soxhlet  e x t r a c t i o n  y i e l d  of 
P i t t sbu rgh  No. 8 coa l  a f t e r  so lven t  t r ea tmen t  (Figure 1 )  a r e  c o n s i s t e n t  with 
t h e  a b i l i t y  of t h e  s o l v e n t s  t o  d i s r u p t  hydrogen bonds. 
r ap id  when t h e  t r e a t i n g  so lven t  was py r id ine ,  s lowest  with toluene.  and 
s l i g h t l y  f a s t e r  with t h e  to luene /e thano l  mixed s o l v e n t  than wi th  pure toluene. 
The e f f e c t  of chlorobenzene t r ea tmen t  was f a s t e r  and l a r g e r  than t h a t  of 
t o luene  over  t he  30-day per iod of t h e  experiments.  
capped by 0-methylation, e l i m i n a t i n g  hydrogen bonds. This t reatment  enhanced 
t h e  r a t e  of decrease of t h e  py r id ine  Soxhlet  e x t r a c t a b i l i t y  of toluene-treated 
coa l s .  

The decrease was most 

ljydroxyl groups can be 

The e f f e c t  of s o l v e n t  t r ea tmen t  on t h e  hydrogen bonds p re sen t  i n  t h i s  
Coal were studhed by FT-IR u s i n g  t h e  band assignments r e c e n t l y  r epor t ed  by 
P a i n t e r  et. There a r e  f o u r  gene ra l  types of hydrogen-bonded s t r u c t u r e s  
invo lv ing  hydroxyl groups i n  coal .  These a r e  found petween 3200 and 3516 cm-'. 
I n  t h i s  s tudy ,  t h e  absorbance between 3200 and 3516- lwas examined. The inten-  
s i t y  of t h e  a l i p h a t i c  C-H s t r e t c h i n g  band a t  2930 cm- 
ence i n  comparing t h e  spec t r a .  Weak hydrogen bonds were reduced a f t e r  t h e  
solvent-induced conformational  changes (Figure 3 )  as revealed by a decrease i n  
t h e  i n t e n s i t y  of t h e  I R  peaks. S imi l a r  absorbance changes i n  hydrogen bonds 
have been observed f o r  o t h e r  c o a l s  used i n  t h i s  s tudy .  This l o s s  is ascr ibed 
t o  a r educ t ion  i n  hydrogen bonding as a r e s u l t  of confo rna t iona l  changes. 

was used a s  t h e  r e fe r -  
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It i s  proposed t h a t  solvent-induced conformational  changes occur  and t h a t  
they r e q u i r e  breaking secondary i n t e r a c t i o n s .  
hydrogen bond d i s r u p t i o n  has  been obtained.  
o the r  non-covalent i n t e r a c t i o n s  is i n d i r e c t .  

D i rec t  s t r u c t u r a l  ev idence  f o r  
Evidence f o r  p a r t i c i p a t i o n  of 

P i t t sbu rgh  No. 8 c o a l  heated i n  b o i l i n g  py r id ine  gave almost t h e  ssme 
pyr id ine  e x t r a c t i o n  y i e l d  aa  t a t  of t h e  s t a r t i n g  c o a l  i f  t h e  p y r i d i n e  was n o t  
removed from t h e  t r e a t e d  coa l .  
produced i n  the  pyridine-swollen s t a t e ,  but a r e  formed dur ing  t h e  py r id ine -  
removal s t ep .  Probably,  py r id ine  s o l v a t e s  t h e  s i t e s  which f a n  g e n e r a t e  t h e  
s t rong  secondary bonds so t hey  form a s  pyridine is removed. 

Aqigotropic s o l v e n t  swe l l ing  of c o a l s  has  been s t u d i e d  using t h i n  sec-  
t i o n s .  ' 
t o  i t .  After  swe l l ing  wi th  py r id ine  and removing i t  with a n i t rogen  f low,  t h e  
c o a l  shrank p a r a l l e l  t o  t h e  bedding p l ane  and expanded pe rpend icu la r  t o  i t .  
S imi l a r ly ,  t he  c o a l  i n i t i a l l y  s h r i n k s  p a r a l l e l  t o  t h e  bedding plane and 
expands perpendicular  t o  i t  when t h i n  s e c t i o n s  a i6  t r e a t e d  with ho t  chloro-  
benzene or toluene and then  d r i e d  with ni t rogen.  

s e c t i o n s  and swollen t h i n  s e c t i o n s  was observed by Brenner.' The loss of 
o p t i c a l  an i so t rophy  i n  so lven t s  a t  room t e m p e r a p i s  coincided with t h e  so l -  
ven t ' s  a b i l i t y  t o  break secondary i n t e r a c t i o n s .  ' The B i re f r ingence  of 
h igh -vo la t i l e  bituminous c o a l s  a p p a r e n t l y  s t e m  f r o o  a low degree o f  molecular  
o r i e n t a t i o n .  When macromolecules a r e  i n  t h e  g l a s s y  s t a t e ,  a l l  l a r g e  molecu- 
l a r  chain m i o n s  a r e  r e s t r i c t e d ,  bu t  segmental  motion i s  no t  n e c e s s a r i l y  
r e s t r i c t ed . "  The presence o$4a so lven t  i n  t h e  c o a l  macromolecules lowers t h e  
g l a s s  t r a n s i t i o n  temperature.  Coal macromolecules may n o t  be completely i n  
t h e  g l a s s y  s t a t e  i n  co ld  py r id ine ,  hot  chlorobenzene or t o luene ,  and some 
movement of coa l  can occur.  The o p t i c a l  a n i s o  ropy of P i t t sbu rgh  No. 8 coa l  
diminished a f t e r  soaking i n  hot chlorobenzene.' The o b a e n e d  l o s s  of o p t i c a l  
an i so t ropy  of P i t t sbu rgh  No. 8 c o a l  a f t e r  exposure t o  hot  chlorobenzene pro- 
v ides  a d d i t i o n a l  evidence f o r  conformational  rearrangements i n  t h e  swollen 
coal .  

b Strong secondary i n t e r a c t i o n s  seem n o t  t o  be 

Coals s w e l l  more pe rpend icu la r  t o  t h e  bedding p l ane  than p a r a l l e l  

Op t i ca l  anisotrophy i n  c o a l s  i s  w e l l  known." B i r e f r i  gence i n  c o a l  t h i n  

Pyridine breaks most or a l l  of t h e  hydrogen bonds i n  coals .  Therefore ,  
coal-coal hydrogen bonding w i l l  g ive  no or a small e f f e c t  on py r id ine  ex t r ac t -  
a b i l i t y .  Since t h e  py r id ine  e x t r a c t a b i l i t y  of t h e  so lven t - t r ea t ed  coal i s  
sma l l e r  t han  t h a t  of t h e  s t a r t i n g  c o a l ,  it is  l i k e l y  t h a t  s t r o n g  secondary 
i n t e r a c t i o n s  which a r e  not  hydrogen bonds a r e  produced du r ing  t h e  so lven t -  
induced conformational  change. 
t reatment  on t h e  [002] band r e v e a l  no changes. The enhanced a s s o c i a t i o n  does 
no t  i nc lude  increased amounts of p a r a l l e l  face-to-face aromatic  a tacking.  
These imply t h a t  unknown complexes a r e  involved i n  t h e  new i n t e r a c t i o n s .  

An X-ray s tudy  of t h e  e f f e c t s  of s o l v e n t  

A number of l i n e s  of evidence po in t  t o  t h e  solvent-induced a s s o c i a t i o n  of 
c o a l  molecules 50 a lower f r e e  energy s t a t e .  Mined c o a l s  a r e  i n  a metastable .  
s t r a i n e d  s t 7 t e .  
by swe l l ing  and vapor uptake h y s t e r e s i s .  ' These obse rva t ions  are presum- 
ab ly  concerned wi th  t h e  i n i t i a l  movement of c o a l  macromolecules du r ing  relaxa-  
t i o n  of t h e  s t r a i n e d  s t a t e  as t h e  coa l  i s  swollen by s o l v e n t s .  I n  high- 
v o l a t i l e  bituminous c o a l s ,  phys i ca l  i n t e r a c t i o n s  which cannot be broken by 
b o i l i n g  py r id ine  a r e  formed dur ing  py r id ine  removal, but a r e  hardly formed i n  

The ex i s t ence  of c o a l s  f s  T6non-equilibrium s t a t e  w a s  shwon 
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the c o a l  while  i t  is f u l l y  p y r i d i n e  swollen.  
ga t e  du r ing  ho t  chlorobenzene t reatment .  These r e s u l t s  demonstrate t h a t  the 
solvent-induced conformational  change of c o a l  macromolecules occurs  w i t h  the 
coal  ach iev ing  a lower free-energy s t a t e  a f t e r  r e l axa t ion .  Secondary i n t e r -  
a c t i o n s  o r i g i n a l l y  p re sen t  i n  t h e  coa l  a r e  broken and o t h e r  secondary i n t e r -  
a c t i o n s  a r e  generated by t h e  solvent- t reatment .  
c a l l y  shown i n  F igu re  4. The r a t e s  of d i s r u p t i o n  and formation of t h e s e  
secondary i n t e r a c t i o n s  w i l l  be dependent upon o r i g i n a l  c o a l  p r o p e r t i e s .  t h e  
i n t e r a c t i o n  between t h e  c o a l  and t h e  s o l v e n t s  used,  and system cond i t ions .  

The py r id ine  e x t r a c t  c a n  aggre- 

One view of t h i s  i s  schemati- 
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TABLE I.  PYRIDINE SOXHLET EXTRACTION YIELDS (WT X )  OF ILLINOIS NO. 6 COAL 
AFTER SOAKING I N  CHLOROBENZENE AT DIFFERENT TEMPERATURES FOR 24 HOURS 

Temperature Extraction Y i e l d  
( " C )  (wt Z) 

23 27 

115 19 

200 16 

300 24 + tar (20 ) *  

*Tar was recovered during methanol r insing.  
The yield i s  w t  X of the coal .  
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Time of Thermal Pre-Treatment (Day) 

Figure 1. Change of pyridine extractability (Soxhlet) of Pittsburgh No. 8 
coal immersed in solvents and dried, ( 8 )  room temperature pyridine, (0) 115'C 
chlorobenzene, (A) 1OO'C toluene, (0) 107'C toluene/ethanol ( 9 5 / 5  vol 2) and 
1OO'C toluene for completely (0 )  and partly (D) 0-methylated coal. 

Time of Thermal Pre-Trealmenl (Day) 

Figure 2. 
chlorobenzene-treated coals and starting coals for various ranks of high 
volatile bituminous coals. Key: (A) Wandoan, (V) Illinois No. 6. (0) 
Pittsburgh No. 8 ,  and (0) PSOC-1336. 

Difference of pyridine extraction (Soxhlet) yields between 
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Figure 3. Overlay photoacoustic infrared Fourier transform spectra of (1) 
starting, (2) 2-day chlorobenzene-treated, and (3) 4-week chlorobenzene- 
treated Pittsburgh No. 8 coals. 

Breaking of Movement of Coal 

I Mined C o w  , Relaxation Self Association I 
Hydrogen Bonds Macromolecular Chains 

Reduction of 
Y 

Strained Sfa/e Loss of Optical 
t 
I Anisotropy; Solvent Extractables 

I I 

in good solvents at low temperature 
in poor solvents at high temperature 

Figure 4. 
macromolecules in high-volatile bituminous coals. 

Schematic diagram for  solvent-induced conformational changes of 
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In t roduct ion  

Solvent-induced a s soc ia t ion  ( a  conformational change) of severa l  high- 
v o l a t i l e  bituminous coa l s  waa observed i n  hot to luene ,  hot chlorobenzene. and 
cold pyr id ine .  ' 9  

is due t o  two concerted processes: breaking secondary in t e rac t ions  o r i g i n a l l y  
present  and forming new secondary i n t e r a c t i o n s  in  a lower f r e e  energy s t a t e .  
This implies t ha t  a s soc ia t ive  e q u i l i b r i a  between coal molecules w i l l  e x i s t  i n  
so lvents .  
intermolecular i n t e rac t ions  is  inves t iga ted .  

It was proposed t h a t  t he  solvent-induced conformational change 

I n  t h i s  paper.  t h e  rank dependence of the a s soc ia t ive  e q u i l i b r i a  and 

Experimental Section 

A l l  ACS and HPLC grade chemicals were used without f u r t h e r  pu r i f i ca t ion .  
coa l  samples were obtained from Exxon Research and Engineering Co., and the  
Pennsylvania S ta t e  Univers i ty  Coal Bank. Their elemental analyses were reported 
i n  the  previous p8per.l 
atmosphere. 

The 

Coal samples were ground and s i f t e d  under a n i t rogen  
Minus 6 0  mesh p a r t i c l e s  were used in the experiments. 

Approximately 2 to 5 g of each coa l  sample were placed i n  a 250 mL f l a s k  in 
100 mL of pyr id ine  and e i t h e r  s t i r r e d  a t  room temperature or refluxed (115OC) 
under dry N2 i n  an o i l  bath. 
r o t a r y  evapora tor ,  mixed with methanol, f i l t e r e d ,  and rinsed with methanol 
s eve ra l  times. The coa l  was then d r i ed  t o  constant weight in the vacuum oven st 
50'C. Another s e r i e s  of samples was f i b t e r e d  and the wet res idues  promptly 
Soxhlet-extracted.  

One s e r i e s  of cooled samples was dr ied  us ing  a 

The Diels-Alder r eac t ion  has been reported. '  Maleic anhydride adducts formed 
using phenol solvent were p rec ip i t a t ed  in  methanol, f i l t e r e d ,  and then Soxhlet- 
ex t r ac t ed  wi th  methanol f o r  24 hrs.  i n  order  t o  e l imina te  by-products formed by 
r eac t ions  of maleic anhydride and phenol before  removal of non-reacted maleic 
anhydride by Soxhlet ex t rac t ion  with H20. The by-products were e a s i l y  ex t rac ted  
wi th  methanol, which was v e r i f i e d  by using a blank experiment without coal.  The 
major molecular masses of by-products from coa l ,  and those obtained us ing  the 
blank experiment, were the same: 270, 322, and 362. Inf ra red  spec t ra  and X-ray 
d i f f r a c t i o n  s tud ie s  were car r ied  out as previously described. 

Resul t s .  and Discussion 

Pyridine e x t r a c t a b i l i t y  r e c t i l i n e a r l y  Increases up to ca. 87 wLX C coal 
(named here as A-region), then decreases sharply with rank (87-90 w t l  C: 
B - r e g i ~ n ) . ~  
ex t r ac t ed .  

At s t i l l  higher rank (>90 w t l :  C: C-reqion), only a few percent is 
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Pyridine ex t r ac t ion  r a t e  was compared f o r  each region coal.  and se l ec t ed  
r e s u l t s  are shown i n  Figure 1. A-region coa l  was promptly ex t r ac t ed  wi th in  one 
or two days, while more than seven days were required f o r  the ex t r ac t ion  of 
B-region coal t o  be completed under the same condi t ions .  C-region coal y i e l d s  
ex t r ac t  slowly, and the  u l t imate  e x t r a c t a b i l i t y  is  very  small. 

Pyridine e x t r a c t a b i l i t y  of the A-region coal was g rea t e r  a t  the bo i l ing  point 
(115'C) than a t  room temperature,' but ex t r ac t ion  y i e l d s  of the  A-region coa l  a t  
115°C and a t  180°C were s imi la r .3* '  
B-region coal a t  180°C is much g rea t e r  than tha t  a t  115'C.4 

However, pyr id ine  e x t r a c t a b i l i t y  of t he  

Since it was f i r s t  reported by Harger and I l l i n g w ~ r t h ~ , ~  t h a t  coa ls  preheated 
a t  200 t o  400'C i n  an i n e r t  atmosphere g ive  much higher y i e lds  of ex t r ac t  than 
unheated coa ls ,  the preheating e f f e c t  has been inves t iga ted  by seve ra l  groups, 
and recent ly  reviewed.' Solvent e x t r a c t a b i l i t y  increases  with preheating t e m -  
pe ra tu re ,  reaches a maximum, and then However, t he  pyridine and 
chloroform ex t r ac t ion  y i e lds  of the A-region coal were only s l i g h t l y  increased by 
preheating t o  300°C. while t he  B-region coa l  was much more ex t r ac t ab le  a f t e r  
preheating a t  temperatures below 300"C.3 The dependence of the  preheating e f f e c t  
on coal rank was recent ly  s tud ied  by prehea t ing  a t  250°C f o r  24 hrs.' The e f f e c t  
was highly rank-dependent. Tetrahydrofuran ex t r ac t ion  y i e lds  of higher-rank 
coa ls  increased a f t e r  prehea t ing ,  while those of lower-rank coa ls  decreased. 
These da ta  show tha t  A and B-region coa ls  d i f f e r  in t h e i r  response t o  heating. 

Heating the  A-region coal a t  115°C i n  chlorobenzene f o r  seven days caused a 
decrease i n  pyridine ex t r ac t ab i l i t y . '  
B-region coa l ,  PSOC-1300 (89.9% C), in t h i s  study, but the pyr id ine  ex t r ac t ion  
y i e ld  (24 h r s )  of t h i s  t r ea t ed  coal increased  t o  18 w t %  from 7 ut%. 
shows the  change in pyridine ex t r ac t ion  y i e lds  caused by soaking coal i n  pyridfne 
a t  the  boi l ing  point f o r  seven days for var ious  A- and B-region coals.  
pyr id ine  e x t r a c t a b i l i t i e s  of coa ls  d r i ed  a f t e r  soaking in pyr id ine  at room 
temperature f o r  one day are  a l s o  included in t h i s  f igure .  Pyr id ine  e x t r a c t a b i l i -  
t i e s  of the B-region coals s i g n i f i c a n t l y  increased a f t e r  soaking in pyr id ine  st 
the  bo i l ing  point f o r  seven days cont ra ry  t o  those of t he  A-region coals. Pyri- 
dine e x t r a c t a b i l i t i e s  of the coa ls  d r i ed  a f t e r  soaking in pyr id ine  a t  room 
temperature decreased f o r  the  A-region coa ls .  but s l i g h t l y  increased  f o r  the  
B-region coals.  
B-region coa ls  a f t e r  treatment with pyr id ine  and chlorobenzene r e s u l t  in  
opposites.  

The same so lvent  treatment was given to  a 

Figure 2 

The 

These da t a  show tha t  the  pyr id ine  e x t r a c t a b i l i t i e s  of t h e  A- and 

Aggregations are seen in  phase separa t ion  phenomena such a s  p rec ip i t a t ion ,  
ge l a t ion ,  and c rys t a l l i za t ion .  
from a pyridine so luble  Soxhlet-extract  a t  room temperature. 
from the A-region coal did not form p r e c i p i t a t e s  a f t e r  240 hrs .  while those from 
the B- and C-region coa ls  yielded p r e c i p i t a t e s  amounting t o  between 10 and 30 w t %  
of the  ex t r ac t .  In the present study, the  pyr id ine  e x t r a c t  of an A-region coa l ,  
psoc-1336 (84.1% C), vas  concentrated,  f i l t e r e d ,  and held a t  room+temperature 
under nitrogen. 
t a t e  a f t e r  14 days,  while the  e x t r a c t  with concent ra t ion  of 55.3 mglcm' p rec ip i -  
t a t ed  0 . 5  w t %  of the ex t r ac t  a f t e r  5 days. The p rec ip i t a t e  could be e a s i l y  seen 
at the bottom of a f l a sk .  Concentrated pyr id ine  e x t r a c t s  of o the r  A-region 
coa ls ,  I l l i n o i s  No. 6 (79.92 C) and Pi t t sburgh  No. 8 (83.8% C),  a l so  formed 
p rec ip i t a t e s  i f  t he i r  concentration were more than 100 mg/cn3. van Krevelen's 

Dormans and van Krevelen' s tud ied  p rec ip i t a t ion  
Pyr id ine  e x t r a c t s  

The ex t r ac t  wi th  concentration of 13.4 mg/cm3 showed no prec ip i -  

suqgests tha t  h i g h  temperature (Soxhlet ex t r ac t ion )  extrac:s of the B- and 
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C-region coals  e a s i l y  a s soc ia t e  a t  low (room) temperature.  
shows t h a t  high temperature e x t r a c t s  of t he  A-region coa l  do not associate  a t  low 
temperature when d i l u t e d ,  but concentrated e x t r a c t s  do tend to a s soc ia t e .  

The present  work 

A l l  of the above d a t a  a re  summarized i n  Table I. These da t a  can be under- 
stood a s  the r e s u l t  of change of the equi l ibr ium s t a t e  of coal molecules i n  
solvents .  The a s s o c i a t i v e  e q u i l i b r i a  seem to  be h igh ly  rankdependent .  

From the  above r e s u l t s ,  i t  is suggested t h a t  e x t r a c t a b i l i t y  may be control led 
by the  equi l ibr ium s t a t e  between a solvent  and coal .  This  is anendable to a 
quan t i t a t ive  treatment.  

Assume that  a complex A * B  e q u i l i b r a t e s  with each component A and B i n  a 
solvent.  

u1 

u -  1 
A-B - 7 A + B  (1) 

I f  the complex A - B  is not  ex t r ac t ab le ,  components A and B a re  ex t r ac t ab le  with a 
solvent ,  and the r a t e  U i  is much g rea t e r  than the r a t e  U - l ,  t he  ex t r ac t ion  r a t e  
of each component i s  given as  

where E and E, are concentrat ions (or ex t r ac t ion  y i e l d s )  given a s  follows 
u1 

A*B - A + B 
v - 1  

E, 0 0  a t  i n i t i a l  t i m e  
&-E E E  at  time t 

Therefore ,  an e x t r a c t i o n  y i e ld  a t  given time is 

( 3 )  

where E-and k l  a r e  regarded as  an ul t imate  ex t r ac t ion  yield and an ex t r ac t ion  
r a t e  constant ,  r e spec t ive ly .  
t h e  ex t r ac t ive  d i s i n t e g r a t i o n  of bituminous coa l s  a t  h igh  temperatures (150 to 
350°C) i n  an anthracene o i l  and 6-naphthol. They assumed a zero order process  
f o r  a forward d i s i n t e g r a t i o n  a t  the i n i t i a l  s t e p  and a d d i t i o n a l l y  a f i r s t  order  
process f o r  a backward in t eg ra t ion  when e x t r a c t i o n  proceeds. Equation (4) is a 
f i r s t  order  r a t e .  
E2 at two d i f f e r e n t  t imes t ,  and t 2 ,  

A similar equat ion was der ived by Oele et a l e 9  fo r  

The r a t e  constant kl i s  determined by ex t r ac t ion  y i e lds  EL and 

E-Ei 
In - 

Em- Ep ( 5 )  

t 2 - t 1  
k l  - 

or by measurement of  increment of ex t r ac t ion  by half  (7) 

I n  2 
k l  - - 

r 
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Calculated values using Equation (4) a re  shown i n  Figure 1 as well as exper i -  
mental r e su l t s  f o r  e x t r a c t a b i l i t y  versus  ex t r ac t ion  time. Ext rac t ion  r a t e  can be 
approximated by using Equation (4). Therefore,  the d i s s o c i a t i o n  of the coal-coal 
i n t e rac t ions  can be thought of the  major r a t e  determining s t e p  i n  an ex t r ac t ion  
Process. The slow r a t e  of Soxhlet ex t r ac t ion  is a t t r i b u t e d  t o  the  slow d i s soc ia -  
t ion  (small  k l )  of aggregated c lus t e r s .  The s t ronger  the  phys ica l  i n t e rac t ions  
a re ,  the smaller w i l l  be the r a t e  cons tan ts  k i -  The poorer so lvents  a re  f o r  t he  
ex t r ac t ,  the  smaller r a t e  cons tan ts  kl w i l l  be. I n  t he  case  of very amall r a t e  
cons tan ts ,  high temperature could be required t o  overcome the  ac t iva t ion  energy 
t o  allow d issoc ia t ion  of components. 

Since high temperatures and good so lvents  a re  apparent ly  needed t o  d i s soc ia t e  
the aggregated c lus t e ra  in  the  B- and C-region coa ls  (Table I ) .  chemical r eac t iv -  
i t y  f o r  these coa ls  should be promoted a t  t he  higher temperatures and good so l -  
vents which lead t o  d i s soc ia t ion ,  while t ha t  for the A-region coa l  should not be 
enhanced even a t  the  same condition. The Diels-Alder r eac t ion  has been u t i l i z e d  
to  weaken the in t e rac t ion  between polynuclear aromatics in coals.' * l o  In t h i s  
work, maleic anhydride was reacted wi th  each region coal in phenol a t  115 and 
180°C, and the product was pyridine-extracted. '  ,lo 
18OoC was observed f o r  a l l  coa ls .  bu t  the  increases  f o r  B- and C-region coa ls  
were much grea te r  than t h a t  of the  A-region coal.  
increased by 1/3. while the  B- and C-region e x t r a c t a b i l i t i e s  increased by f a c t o r s  
of 7 and 15, respec t ive ly .  The enhancements of pyr id ine  e x t r a c t a b i l i t i e s  f o r  t h e  
B- and C-regions coa ls  were p a r t i c u l a r l y  remarkable aa compared wi th  the  r e s u l t s  
obtained by using s chlorobenzene so lvent  (115OC). 

Increased e x t r a c t a b i l i t y  a t  

A-region e x t r a c t a b i l i t y  

The I B  absorptions between 1700 and 1750 cm-' assigned t o  carbonyl v ib ra t ions  
in maleic anhydride adducts a r e  shown in Figure 3 for a s t a r t i n g  C-region coa l ,  
PSOC-688 (92.0IC), and its maleic anhydride adducts reac ted  under various condi- 
t ions .  These r e s u l t s  demonstrate more maleic anhydride incorpora t ion  a t  h igher  
temperature, although the  Diela-Alder reac t ion  is reve r s ib l e  and low temperatures 
a re  prefer red  f o r  adduct formation. Pyridine is  a good so lvent  but cannot be 
used f o r  t h i s  reac t ion ,  because t h i s  so lvent  ca ta lyzes  the  polymerization of 
maleic anhydride.'O 
d issoc iab le  a t  high temperature play an important s t r u c t u r a l  r o l e  in the B- and 
C-region coals and is  respons ib le  f o r  the d i f f e rences  in  behaviors ahown in Table 
I f o r  each region coal.  

These r e s u l t s  suggest t h a t  the in te rmolecular  i n t e rac t ion  

Figure 4 shows the  change in the  X-ray d i f f r a c t i o n  to021 band caused by 
reac t ion  with maleic anhydride. This band is due t o  the  p a r a l l e l  stacking of 
aromatic systems.'l 
of the PSOC-668 reacted i n  chlorobenzene a t  115OC was i d e n t i c a l  with tha t  of 
s t a r t i n g  coal. The p a r a l l e l  s tack ing  was obviously reduced a f t e r  the maleic 
anhydride reaction i n  phenol a t  180°C. This r e s u l t  implies t ha t  the incorpora- 
t ion  of maleic anhydride decreases the number of face-to-face aromatic s tacks .  
and tha t  the face-to-face in t e rac t ion  may be respons ib le .  i n  p a r t ,  f o r  the  as8oc- 
i a t ion  i n  high-rank coal.  

The magnitude and h a l f r i d t h  of t he  maleic anhydride adduct 
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'Sable I. Differences in Behaviors in Extraction. Soaking, and Sitting Extract 
for Each Region Coal. 

Pc (daf) 
A B Ca 

<8 7 87-90 >90 

1.Pyridine extraction rate fast slow 

2.Temperature (115OC 6 180OC) effect small large 
on pyridine extraction 

3.Preheating (200-4OOOC) effect on small large 
pyridine extraction 

4.Imersion in pyridine and removal of decrease in increase in 
the solvent before pyridine extraction extractability extractability 

5.Soaking in hot toluene or chlorobenzene decrease in increase in 
before pyridine extraction extractability extractability 

6.Precipitation of Soxhlet pyridine no precipitation 
extracts at room temperature precipi tationb \ 

aDifferences are very samll because of very small ultimate extractability. 
bPrecipitation occurs only at high concentration. 
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40 a 

0 2 4 6 8 1 0  1 2  
Extraction Time (Day) 

Figure 1. Pyridine extractability versus extraction time. Key: (0) Illinois 
NO. 6 (79.98C) (L - 31.2, kl - 2.3), (A) PSOC-1336 (64.1%C) (Em - 32.8. 
kl - 2.3), (0) PSOC-1300 (89.98C) (E- - 29.0. kl - 0.26). and (0) 
PSOC-688 (92.0%C) (E- - 2.7, k1 - 0.43). 

a- 
0 

m m cn 
m c 
0 

15 1 9 I 
/ t  

-15 t 8 , ,  
2 4 6 0 0 

Period‘in Days of Soaking in Pyridine 

Figure 2. Changes of pyridine extractabilities of the A and 8-region coals 
immersed in pyridine at the boiling point €or seven days and their dried 
coals after immersing in pyridine at room temperature for one day. Key: 
( A )  PSOC-991 (89.4%C), ( 0 )  PSOC-1300 (89.99C). (0) PSOC-721 (88.5%C), (m) 
illinois No. 6 (79.9%C;, (0) PSOC-i336 (Si.l%C), and (i) Pitcsburgh No. 8 
183.36C). 
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Wavenumbers (cm-9 

the  carbonyl  groups of (A) s t a r t i n g  c o a l  and maleic anhydride adducts  of 
PSOC-688 r e a c t e d  under s e l e c t e d  so lvents  and temperature. Condi t ions o f  
Diels-Alder  r e a c t i o n :  ( B )  in chlorobenzene a t  115'C. (C) in phenol a t  
115'C. (D) i n  phenol a t  lEO'C, and (E) i n  1.2-dichlorobenzene a t  180°C. 

Figure 3: Overlay photoacoust ic  i n f r a r e d  Fourier  t ransform s p e c t r a  ass igned to 

20 40 60 80 0 

29 
Figure 4. X-ray d i f f r a c t i o n  p a t t e r n s  o f  [ O O Z ]  band of maleic anhydride adducts 

o f  PSOC-688 r e a c t e d  (A) i n  chlorobenzene a t  115'C and (B) in phenol a t  
180'C. 
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COAL ANALYSIS BY TG-FTIR 

i 

P.R. Solomon, M.A. Serio, R.M. Carangelo. and R. Bassilakis 
Advanced Fuel Research, Inc. 

87 Church Street, East Hartford, CT 06108 USA 
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INTRODUCTION 

Thermogravimetric analysis has been employed in coal science to perform a number of 
characterizations including: proximate analysis (l), kinetics of weight loss (2,3) char reactivity (4-9) 
and gas adsorption measurements (10). A complimentary technique, evolved product analysis, 
has been employed to study pyrolysis product distributions and kinetics (1 1-16) functional group 
compositions (14,19-21), and temperature programmed desorption (22-24). 

We have developed a TG-FTIR instrument which combines thermogravimetric analysis (TGA) with 
evolved product analysis by Fourier Transform Infrared (FT-IR) spectroscopy. FT-IR analysis of 
evolved products has advantages over mass spectroscopy in allowing analysis of very heavy 
products, and over gas chromatography in speed. To analyze coal, a sequence of drying, 
pyrolysis and combustion is employed to obtain: proximate analysis, volatiles composition, 
volatiles kinetics, and relative char reactivity. The application of TG-FfIR to coal and petroleum 
source rock has recently been described (25.26). The purpose of this paper is to describe the 
most recent improvements in the apparatus. 

EXPERIMENTAL 

ADDaratus - A schematic of the instrument is presented in Fig. 1. Its components are as follows: 
a DuPont'" 951 TGA; a hardware interface (including a furnace power supply); an Infrared Analysis 
16 pass gas cell with transfer optics; a MICHELSON 110 FT-IR; (Resolution: 4 cm-', Detector: 
MCT). A helium sweep gas is employed to bring evolved products from the TGA directly into the 
gas cell. This instrument package is now available commercially as the TG/plus from Bomem, Inc. 

The most difficult volatiles to analyze are the heavy decomposition products which condense at 
room temperature, such as tars from coal. In the TG/plus, the high conductivity helium sweep gas 
and the rapid cooling causes these products to form an aerosol which is fine enough to follow the 
gas through the analysis cell. The cell is connected without restrictions to the sample area. The 
aerosol is also fine enough that there is little scattering of the infrared beam and it is thus 
attenuated as though the tar was in the gas phase. 

Procedure - As an example of the analysis procedure, the pyrolysis and oxidation of a lignite is 
described. More detail can be found in Refs. 25 and 26. Figure 2a illustrates the weight loss from 
this sample and the temperature history. A 35 mg sample of Indian Head Zap lignite, loaded in the 
sample basket of the DuPont" 951. is taken on a 30'C/min temperature excursion in the helium 
sweep gas, first to 150'C where it is held for 4 minutes to dry, then to S C O T  for pyrolysis. The 
temperature is held at S O O T  for 3 minutes. Afler cooling to 250'C, a small flow of Oz is added to 
the furnace at the 57 minute mark and the temperature is ramped at 30'C/min to 700'C (or 
higher) for oxidation. 

During this excursion, infrared spectra are obtained once every thirty seconds. As discussed 
previously (2526). the spectra show absorption bands for CO, CO,, CH,, H,O, SO,, COS, CzH,, 
olefins, HCI, and NH,. The spectra above 400'C also show aliphatic, aromatic, hydroxyl, carbonyl 
and ether bands from tar. The evolution of gases derived from the IR absorbance spectra are 
obtained by a quantitative analysis program which employs a database of integration regions and 
calibration spectra for different compounds. The routine decides which regions of each calibration 
spectrum to use for best quantitation with the least interferences. The routine is fast so the 
product analysis is displayed during the actual experiment. 

' 

Figure 2b illustrates the integral of the evolution curves to obtain cumulative evolved product 
amounts. Because the data are quantitative, the sum of these curves match the weight loss as 
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determined by the TGA balance. Discrepancies occur in this match because of missing 
components such as H, which cannot be seen by IR and H,S which is vely difficult to see. 
Secondly, when 0, is introduced, the balance shows a net gain in weight due to 0, chemisorption. 

Calibration - To calibrate the instrument, known flows for calibration gases were mixed with a fixed 
flow of sweep gas and passed through the gas cell. Reference spectra were collected and the flow 
rate was varied to provide spectra over the range of expected concentrations. The quantitative 
analysis program employs the spectrum which most closely matches the experimental amplitudes 
since Beer's law (absorption is proportional to concentration) is not valid for many light gases. 

Calibration spectra cannot be employed in the same way for tar since the absorptivity of any band 
varies with the tar compositions. Instead, the evolution of tar is derived by using the spectrum of a 
Pittsburgh Seam coal tar as a calibration standard. This coal tar has all the functional group 
features (but at different intensities) characteristic of coal tars. Its use as a reference spectrum 
determines the important tar functional group regions whose amplitudes provide a qualitative tar 
evolution profile for other coais. The tar's evolution determined in this manner typically exhibits a 
sharply peaked function with increasing temperature as shown in Fig. 3a. 

To quantitatively determine the tar loss, it is assumed that the qualitative tar evolution profile is 
proportional to the rate of loss of tar. This will be true when the functional group compositions of 
the tar does not change with temperature, a condition which holds over most of the tar evolution 
profile as indicated by examining the infrared spectra at various times during its evolution. To 
determine the constant of proportionality for each sample, the tar loss profile is compared to the 
rate of weight loss from the balance minus the rate of weight loss for all the gases. This quantity is 
presented in Fig. 3b. The proportionality constant is picked by performing a least squares fit 
between the two curves over the region of tar evolution, except for parts where other gases are 
evolving quickly and might introduce error. The proportionality constant varies systematically from 
0.86 times the absorptivity for Pittsburgh Seam coal for Zap lignite to 1.56 times Pittsburgh Seam 
coal for Pocahontas in agreement with the lower absorptivity of the aromatic components in the 
higher rank coals. 

Routine calibration of the instrument is performed on a monthly basis using calcium oxalate. A 
typical evolution profile is presented in Fig. 4. The calcium oxalate has three weight loss regions 
yielding H,O, CO,, and CO. The agreement between the sum of gases and weight loss shows that 
the calibration and the sweep gas flow rate are accurate. The positions of peaks compared to a 
known reference validates the accuracy of the thermocouple temperature measurement. To check 
for possible leaks in the system and the absence of oxygen in the helium sweep gas, graphite is 
run periodically. if there are no leaks and the helium is of high purii, no appreciable weight loss 
or CO, evolution is experienced during the pyrolysis cycle. 

SamDles - The coals analyzed were Argonne premium coal samples. The characterization of these 
samples has appeared elsewhere (27). In addition, demineralized coals were produced using the 
technique of Bishop and Ward (28). This technique removes both discrete minerals as well as 
organically bound alkali or alkaline earth metals. Oxidized samples were prepared in an oven at 
1OO'C or at room temperature in air. 

RESULTS AND DISCUSSION 

Analvsis of Araonne Coals - Analyses were performed for eight Argonne coals at both 3'C/min 
and dO'C/min. Results for three coals for the pyrolysis cycle (30'C/min) are presented in Figs. 5 
to 7. Figures 5a to 7a presents the weight losses and temperature profiles. Also presented 
(dashed line) is the sum of species (tar, CH,, H,O, CO,, CO, SO,, and NHJ. In general, the sum 
of species is within a few percent of the weight loss. 

The evolution of tar and aliphatic gases is presented in Figs. 5c to 7c. These tar evolution profiles 
typically consist of a low temperature peak or shoulder followed by a narrow larger peak. The low 
temperature peak is believed to be due to the evaporation of unattached 'guest' molecules (the 
mOleCUlar phase). The higher temperature peak is due to the release of coal fragments by bond 
breaking, evaporation and transport (29). In Fig. 5c, these peaks are labeled 1 (molecular phase) 
and 2 (pyrolysis). 
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Methane evolution is presented in Figs. 5e to 78. Methane evolution occurs in two closely spaced 
peaks. The low temperature peak is initiated coincident with the initiation of tar evolution, but 
reaches a maximum at a slightly higher temperature than the maximum tar peak. The temperature 
for the maximum evolution varies little with rank but the temperature of initiation of methane 
evolution decreases with decreasing rank. The second peak appears as a shoulder on the high 
temperature side of the first peak. In Fig. 5e, these peaks are labeled 1 (methane loose) and 2 
(methane tight). 

Water evolution is presented in Figs. 5b to 7b. Water appears first at low temperature when the 
coal's moisture is evolved. For all coals, a prominent water peak also occurs simultaneously with 
the tar peak. This suggests that the chemistry responsible for this peak is either related to the free 
radicals produced, or the increase in fluidity (and hence mobility for bi-molecular interactions), both 
of which occur during tar formation. Burnham et al. (17) report the coincidence of the tar peak 
with the low temperature peaks for CO, and H,S, which supports the idea that tar evolution is 
associated with the decomposition of heteroatom functionalities. There Is also a higher 
temperature H,O peak and a lower temperature peak or shoulder accompanying CO, evolution in 
low rank coals. In Fig. 7b, these peaks are labeled 1 (moisture), 2 (water extra loose, associated 
with early CO, evolution), 3 (water loose, associated with tar evolution), and 4 (water tight). 

Figures 5d to 7d present the results for CO,. Wyodak (Fig. 7d) which is typical of low rank coals, 
shows three peaks between 200 and 9OO'C labeled 2 (extra loose associated with H,O), 3 (loose 
associated with tar evolution and H,O evolution) and 4 (CO, tight). There is also a very low 
temperature peak labeled 1 (occurring only for the lowest rank coals) whose origin is presently 
unknown. Higher rank coals usually have peaks 3 and 4 but not peak 2 unless they are oxidized. 
Peak 2 is one of the regions affected most by oxidation. In addition, the evolution of CO, is often 
complicated in high rank coals by the evolution of CO, from carbonates such as calcite (Fig. 6d) 
and siderite. 

The evolution of CO is presented in Figs. 5f to 7f. Low rank coals exhibit three peaks labeled 3, 4, 
and 5 as shown in Fig. 7f. Peaks 3 and 4 coincides with the CO, peaks 3 and 4, while peak 5 has 
no accompanying peaks for H,O or CO,. CO peaks also can be seen accompanying the CO, 
calcite peak (see Fig. 6). High rank coals appear to have only the high temperature peak 5. 

Results for other gases are presented in parts g to i of Figs. 5 to 7. The C,H, yield shown in 
Figs. 59 to 79 occurs in a narrow evolution peak which lags the tar peak but precedes the 
methane. The ammonia evolution in Fig. 5h to 7h appear to coincide with the start of CO evolution 
(Figs. 5f to 79. The SO, peak near 28 minutes (Figs. 5i to 7i) appears to coincide with one of the 
COS peaks (Figs. 5j to 70. 

Sample results for the combustion cycle are presented in Fig. 8. Since oxygen is added, the 
reported weight loss is for the elements C, H, S, not the oxide. This will make the sum of the 
elements (C, H, and S) lost less than the total measured weight loss, the difference being the 
oxygen in the char. The combustion cycle is dominated by the evolution of CO,, CO, and SO,. 
The sum of the C, H, and S in these species is in reasonable agreement with the weight loss. 

Analvsis of Minerals - The identification of evolution peaks due to minerals was made by 
performing TG/plus analysis of reference minerals and demineralized coals. An important 
contributor is calcite. The major reaction is the evolution of CO, near 8OO'C. There are also small 
amounts of CO and H,O evolved. The CO, peak is almost identical in shape and position to that 
exhibited by the Illinois No. 6 coal in Fig. 6e. When the Illinois coal was demineralized (dashed 
line) the 800'C CO, peak disappears. The demineralized coal also shows a small increase in the 
tar yield and little moisture, but no other major changes. 

Several high rank coals (Pocahontas, Upper Freeport, and Pittsburgh) showed CO, peaks at about 
525'C which disappeared with demineralization. The 52O'C peak appears to be due to siderite 
based on the discussion by Raask (30). 

Volatile Kinetics - The TG-FTIR analysis can be used to study product evolution kinetics. We have 
compared in Fig. 19, the temperature for the maximum hydrocarbon evolution rate for the Argonne 
coals as a function of rank at 0.05 and O.B'C/sec. Duplicate runs were all within i4'C. The peak 
temperatures as well as the shape of the tar eaks are in good agreement with the results of 
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Burnham et al. obtained using a Rock-Eva1 analyzer (17) and a Triple-Quadrupole Mass 
Spectrometer (TQMS). The 50 to 65'C shin in temperatures with heating rate corresponds to 
activation energies approximately between 45 and 60 Kcal/mole. The variation in the rate of 
thermal decomposition is in part responsible for the variation of ignition behavior with rank (31). 

Functional GrouD ComDosltion - The TG-FTIR analysis provides information on the coal's 
functional group composition since it is the functional group composition which gives rise to the 
variation in gas yields. Figure 9b shows the variation in oxygen containing products with rank. 
Low rank coals have a high content of oxygen functional groups. 

Figure 9c presents the data for tar and CH, yields. Methane increases systematically with 
increasing rank. High volatile bituminous coals have the most tar. Tar yields are related to soot 
formation in combustion (31) to fluidity (32), and to yields in liquefaction (33) or mild gasification 
(34). The tar functional group composition can also be obtained from the infrared spectra during 
tar evolution. 

Char ProDertIes - The TG-FTIR analysis provides two measurements related to char reactivity. 
The first is the weight gain of the char which occurs when oxygen is added early in the combustion 
cycle (see Fig. 2b). This weight gain is proportional to the concentration of active sites which are 
accessible to 0,. The second measurement is of the temperature required to produce a specified 
rate of weight loss during the oxidation cycle. As discussed previously, this critical temperature T,, 
is related to the reactivity (4-7). The higher the reactivity, the lower T,. 

Figure 9d compares both the oxygen chemisorbed and T, as functions of the oxygen in the coal. 
There is a systematic decrease in T, and an increase in oxygen chemisorbed with increasing 
oxygen. The interplay of decomposition kinetics and reactivity control the ignition behavior and 
burnout in combustion or gasification (31). 

CONCLUSIONS 

A single TG-FTIR analysis provides an extensive coal characterization with regard to the 
decomposition kinetics, char reactivity, functional group compositions and conversion behavior. 
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Figure 2. TG-FTIR Analysis of a Lignite. 
a) Temperature History and Weight Loss. 
b) Species Contributions to Weight Loss. 
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Figure 5. TG-FTIR Analysis of Upper Freeport Bituminous Coal during the Pyrolysis Cycle. a) Weight 
Loss (solid). Sum of Evolved Products (dashed), and Temperature Profde. b) H20 Evolution Rate and 
Integrated Amounts Evolved, c) Tar Evolution Rate and Integrated Amounts Evolved, d) C@ Evolution 
Rae and Integrated Amounts Evolved, e) Methane Evolution Rate and Integrated Amounts Evolved. f) CO 
Evolution Rate and Integrated Amounts Evolved, g) S@ Evolution Rate and Integrated Amounts Evolved, 
h) NH3 Evolution Rate and Integrated Amounts Evolved, i) C2H4 Evolution Rate and Integrated Amounts 
Evolved, and j) COS Evolution Rate and Integrated Amounts Evolved. 
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Fipure 6. TG-FTIR Analysis of Illinois No. 6 Bituminous Coal during the Pyrolysis Cycle. a) Weight 
Loss (solid). Sum of Evolved Producrs (dashed), and Temperature Profile. b) H20 Evolution Rate and 
Integrated Amounts Evolved, c) Tar Evolution Rate and Integrated Amounts Evolved (raw coal (solid lie) 
demineralized coal (dashed line)), d) C@ Evolution Rate and Integrated Amounts Evolved (raw coal (solid 
fine) demineralized coal (dashed lie)), e) Methane Evolution Rate and Integrated Amounts Evolved, r) CO 
Evolution Rate and Integrated Amounts Evolved, g) S@ Evolution Rate and Integrated Amounts Evolved, 
h) MI3 Evolution Rate. and Integrated Amounts Evolved, i )  C2H4 Evolution Rate and Integrated Amounts 
Evolved. and J) COS Evolution Rate and Integrated Amounts Evolved. 
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Figure 7. TG-FTIR Analysis of Wyodak Subbituminous Coal during the Pyrolysis Cycle. a) Weight 
Loss (solid). Sum of Evolved products (dashed), and Temperature Profde. b) H7.0 Evolution Rate and 
Integrated Amounts Evolved. c) Tar Evolution Rate and Integrated Amounts Evolved. d) C@ Evolution 
Rate and Integrated Amounts Evolved, e) Methane Evolution Rate and Integrated Amounts Evolved, r) CO 
Evolution Rate and Integrated Amounts Evolved, g) Sa Evolution Rate and Integrated Amounts Evolved, 
h) NH3 Evolution Rate and Integrated Amounts Evolved, i) C2H4 Evolution Rate and Integrated Amounts 
Evolved, and3 COS Evolution Rate and Integrated Amounts Evolved. 
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Figure  8. T G E T I R  Analysis of Wyodak Subbituminous during the Combustion Cycle. a) Weight 
Loss (solid), Sum of Evolved Products (dashed), and Temperature Profile. b) Carbon in CO 
Evolution Rate and Integrated Amount Evolved. e) Sulfur in SO2 Evolution Rate and Integrated 
Amount Evolved. d) Hydrogen in H 2 0  Evolution Rate and Integrated Amount Evolved. e) Carbon 
in C 0 2  Evolution Rate and Integrated Amount Evolved. 
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ABSTRACT 

E lec t ron  Spectroscopy f o r  Chemical Analys is  (ESCA o r  
XPS)  and t ransmiss ion F o u r i e r  Transform I n f r a r e d  Spectroscopy 
(FTIR) were used t o  examine aged bituminous coals .  The c o a l s  
were obta ined from t h e  I l l i n o i s  # 6 ,  Kentucky #9, P i t t s b u r g h  
and Upper Freepor t  seams. THe coals  were s to red  under e i t h e r  
ambient a i r ,  mine s i t e  t a p  water or n i t r o g e n  as they were 
exposed f i r s t  t o  c o l d  weather (10 C), warm weather ( 2 5  C )  and 
t h e  f o l l o w i n g  c o l d  season. Samples over the  t ime p e r i o d s  
were analyzed as raw, m i l l e d  and processed coals .  Emphasis 
was p laced on changes i n  C ,  0, N and S f u n c t i o n a l i t i e s  on t h e  
sur face  by ESCA a n a l y s i s ,  and i n  t h e  b u l k  by t ransmiss ion 
F T I R .  

INTRODUCTION 
The aging o f  coa l  i s  o f  i n t e r e s t  bo th  t o  the  f u e l  and 

cok ing i n d u s t r y  due t o  t h e  phys ica l  and chemical changes 
aging causes. The changes can a f f e c t  t h e  behavior and 
p r o p e r t i e s  o f  coa l ,  and t h e r e f o r e  a f f e c t  the  coal as i t  i s  
processed and u t i l i z e d .  I n  the  m a j o r i t y  o f  cases, t h e  
e f f e c t s  are negat ive.  Ox ida t ion ,  a major mechanism i n  t h e  
aging process, can decrease t h e  f u e l  va lue  o f  coal .  
Processing can become more problemat ic  as aging occurs. (1-3) 

Storage o f  coal  i s  where s i g n i f i c a n t  o x i d a t i o n  can occur  
as coal  ages. ( 1 , 2 )  Coal i s  commonly s t o r e d  i n  l a r g e  
s t o c k p i l e s  open t o  weather cond i t ions .  I n  t h i s  s tudy,  
s torage c o n d i t i o n s  were mod i f ied  t o  i n v e s t i g a t e  what e f f e c t s  
they may have on c o n t r o l l i n g  o r  i n h i b i t i n g  aging. ( 4 )  
Samples were s t o r e d  under n i t r o g e n  gas, t a p  water o r  ambient 
a i r .  

EXPERIMENTAL 
Coal samples, ob ta ined by O t i s c a  I n d u s t r i e s ,  L td . ,  were 

c o l l e c t e d  as they were brought  up o u t  o f  the  mine. Coal was 
c o l l e c t e d  from t h e  I l l i n o i s  116, Kentucky # 9 ,  P i t t s b u r g h  and 
Upper Freepor t  seams. The coal  was p laced under one o f  t h r e e  
atmospheres upon c o l l e c t i o n :  n i t rogen,  ambient a i r  o r  l o c a l  
mine s i t e  t a p  water. 

Upon a r r i v a l  a t  Ot isca ,  the  samples were r i f f l e d  and 
crushed t o  30m x 0 f o l l o w i n g  ASTM methods, and r e t u r n e d  t o  
t h e i r  respect ive environments. The coa l  was s to red  i n  5 
g a l l o n  p a i l s  h o l d i n g  approximately 1 7  l b s .  each, and exposed 
to l o c a l  weather d u r i n g  c o l d  weather (10  C), the f o l l o w i n g  
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warm season (25 C) and another c o l d  season. I n d i v i d u a l  
samples were taken a f t e r  each weather exteme. Samples were 
analyzed as raw samples, m i l l e d  samples, and m i l l e d  and 
processed samples. Raw coal was reduced t o  60m x 0. M i l l e d  
samples were b a l l  m i l l e d  t o  15 m x 0. Processed samples were 
f i r s t  m i l l e d  and then agglomerated us ing  pentane. A t  t h i s  
p o i n t  minera l  mat te r  was removed. 

before exposure t o  weather t o  e s t a b l i s h  a base l ine  f o r  t h e  
ag ing  s tudy.  The handl ing,  ana lys is ,  and r e s u l t s  o f  these 
analyses were presented i n  a prev ious p r e p r i n t . ( 5 )  

The samples received from Ot isca  were handled as 
p r e v i o u s l y  descr ibed ( 5 ) .  Analys is  was done us ing a P e r k i n  - 
Elmer Phys ica l  E l e c t r o n i c s  5100 ESCA spectrometer u s i n g  a 
non - monochromatized Mg K d  X - ray  source under t h e  
c o n d i t i o n s  300W, 20mA and 15kV. Transmission FTIR s p e c t r a  
were c o l l e c t e d  on a N i c o l e t  7199A F T I R  spectrometer w i t h  an 
MCT detec tor ,  t a k i n g  1000 scans, and a Mattson Alpha Centaur i  
FTIR spectrometer w i t h  DTGS de tec tor ,  t a k i n g  32 scans. 

I n i t i a l l y  a s e t  o f  samples from each seam was analyzed 

RESULTS AND DISCUSSION 

analyzed t o  e s t a b l i s h  what i n f o r m a t i o n  can be obta ined from 
t h e  ESCA and FTIR analyses. I n  t h a t  s tudy i t  was shown t h a t  
as t h e  samples went f rom raw t o  m i l l e d  t o  processed t h e r e  was 
a decrease i n  minera l  mat ter .  I n  t h e  m i l l e d  samples, minera l  
sur faces  were g e n e r a l l y  covered by a t h i n  f i l m  o f  o rgan ic  
m a t t e r .  I n  t h e  processed samples, most minera l  mat te r  was 
separated from t h e  coa l  dur ing  agglomeration. I t  was a l s o  
shown there  was no s i g n i f i c a n t  d i f f e r e n c e  i n  the base l ine  
samples due t o  d i f f e r i n g  s torage c o n d i t i o n s .  

I n  t h i s  s tudy,  t h e  t rends  from raw t o  m i l l e d  t o  
processed coal  were observed throughout t h e  s torage per iod ,  
as would be expected. No major d i f f e r e n c e s  due t o  s to rage 
c o n d i t i o n s  were observed, b u t  some d i f f e r e n c e  was seen i n  the  
n i t r o g e n  s to red  samples. 

As t h e  coa l  aged (see Table 1 ) .  changes i n  t h e  sur face  
percent  atomic concent ra t ion  (%AC), oxygen t o  carbon r a t i o s  
( O / C ) ,  and peak shape changes were examined. Changes i n  %AC 
carbon and oxygen would be an i n d i c a t i o n  o f  ox ida t ion ,  as 
would peak shape changes. Peak shape changes were examined 
i n  t h e  FTIR spec t ra .  

a tomic concentrat ions.  The inorgan ic  elements such as A1 and 
S i  showed no no tab le  changes over t h e  s torage per iod.  Su l fu r  
a l s o  remained c o n s i s t e n t  throughout ag ing,  and n i t r o g e n  
e x h i b i t e d  o n l y  minor f l u c t u a t i o n s  over  t h e  aging per iod .  The 
l a r g e s t  change was seen i n  %AC carbon o f  t h e  raw samples. 
There was an increase o f  up t o  10 XAC between t h e  b a s e l i n e  
and f i r s t  aged samples i n  a l l  4 seams. See F igure  1. There 
were s l i g h t  v a r i a t i o n s  through t o  t h e  7 t h  batch, w i t h  o n l y  
I l l i n o i s  showing a s i g n i f i c a n t  decrease i n  %AC C. See F igure  
2. 

I n  t h e  prev ious  s tudy ( 5 ) ,  the  base l ine  samples were 

A s  t h e  coa l  aged, t rends were i n v e s t i g a t e d  i n  percent  

The m i l l e d  samples showed a s l i g h t  decrease i n  %AC from 
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t. 
:! 

the base l ine  t o  1 s t  aged sample. S l i g h t  decreases were seen 
i n  batch 4 or  5 i n  a l l  seams, w i t h  t h e  l a r g e s t  seen i n  t h e  
P i t t sbu rgh  samples. 

I n  the  processed samples, The %AC C was cons is ten t  
through batch 1 - 7 except f o r  the Kentucky seam, where a 
decrease was seen over ba tch  4 - 6, w i t h  an increase i n  t h e  
7 th  batch. 

l i t t l e  change was observed. I n  a l l  f o u r  seams, no 
s i g n i f i c a n t  change i n  %AC C was seen i n  the  a i r  o r  water  
stored. D i f fe rences  due t o  n i t r o g e n  storage was on ly  
s i g n i f i c a n t  i n  the  Upper Freeport  seam. 

The t rend  i n  %AC t o t a l  oxygen decreased through t h e  
processed samples due t o  the  removal o f  minerals.  Sur face 
organic oxygen was ca l cu la ted  us ing  the  method o f  Pe r ry  and 
G r i n t  ( 3 ) ,  by sub t rac t i ng  oxygen as S i O d  and A1,03 . There 
were f l u c t u a t i o n s  i n  %AC sur face  organic oxygen as t h e  
samples aged. The l e a s t  f l u c t u a t i o n  was seen i n  t h e  
P i t t sbu rgh  seam, the  most i n  t h e  Upper Freeport  seam. 

The ca l cu la ted  %AC sur face  organ ic  oxygen was used t o  
c a l c u l a t e  O/C r a t i o s .  A n  increase i n  t h i s  r a t i o  would 
i n d i c a t e  ox ida t i on  o f  t he  coal  was occur r ing .  The l a r g e s t  
d i f f e rence  i n  O/C r a t i o  between treatments was seen i n  t h e  
I l l i n o i s  and Upper Freeport  seams, the  l e a s t  i n  Kentucky and 
P i t tsburgh.  No t rend  o f  inc reas ing  O/C r a t i o  was seen except 
i n  I l l i n o i s  raw samples. See F igure  3. 

The C 1s envelope exh ib i t ed  no gross changes as the  samples 
aged. S l i g h t  increases i n  t h e  shoulder and t a i l i n g  towards 
the  h igh  b ind ing  energy s i d e  were observed over a l l  
treatments through batch 7.  Th i s  would i n d i c a t e  a s l i g h t  
increase i n  the  ox id ized  carbon f u n c t i o n a l i t i e s  and p o s s i b l y  
a s l i g h t  increase i n  aromat ic carbon. See F igure  4. 

The 0 1s envelope has c o n t r i b u t i o n s  from bot l i  o rgan ic  
and inorgan ic  species. I t  i s  a broad s l i g h t l y  assymmetric 
peak. A s  t he  coal  aged, a more d i s t i n c t  shoulder was seen 
towards low b ind ing  energy. The most severe case was seen i n  
the  processed samples. The ino rgan ic  matter was l a r g e l y  
remcved a t  t h i s  p o i n t .  The shoulder was due t o  o rgan ic  
(carbon - bound) oxygen. See F igure  5. 

The S 2p peak shape d i d n ’ t  vary much over the  s to rage 
per iod.  The presence o f  one o r  two peaks and t h e  r e l a t i v e  
i n t e n s i t i e s  o f  these two peaks var ied .  No s o l i d  t rends  were 
seen between the  seams. I n  t h e  Kentucky seam raw samples, 
t he re  was one peak i n  the  water  s to red  sample and base l i ne  
n i t rogen  s to red ,  bu t  two peaks i n  the  a i r  s to red  and l a s t  
n i t rogen  s to red .  The r e l a t i v e  i n t e n s i t y  o f  these two peaks 
va r ied  as w e l l .  I n  the  water s to red  m i l l e d  base l ine  samples, 
the  inorgan ic /ox id ized  organ ic  species peak ( 5 )  was more 
intense than the  organ ic  species peak. I n  the 3rd  ba tch  
sample, the r e l a t i v e  i n t e n s i t i e s  were reversed. See F igu re  
6.  I n  the  Upper Freeport  samples, t he  t rend  was reversed f o r  
the  respec t ive  samples. No d e f i n i t e  t rend  was seen i n  o r  

Looking a t  what e f f e c t  t he  storage cond i t i ons  had, very 

Peak shape changes were o n l y  no tab le  f o r  C, 0, N and S. 
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between t h e  seams. 

The i n f r a r e d  r e s u l t s  r e f l e c t e d  the  removal o f  t he  
minera l  mat te r  w i t h  decreases i n  i n t e n s i t y  o f  inorgan ic  
peaks. There was l i t t l e  d i f f e r e n c e  between raw and m i l l e d  
samples, b u t  t he re  was s i g n i f i c a n t  d i f f e r e n c e  between r a w  and 
processed samples. There were some d i f f e rences  i n  general 
between t h e  seams, p a r t i c u l a r l y  i n  the  1400 - 700 cm-1, 
reg ion  where bands corresponding t o  c l a y  mineral  mat te r  
appears. Kentucky and P f t t sbu rgh  had l e s s  of t h i s  mat te r  
than I l l i n o i s  and Upper Freeport .  Th i s  was most ev iden t  i n  
t h e  raw and m i l l e d  samples. 

Over the  f o u r  seams the re  was one t r e n d  i n  the  1800 - 1650 
cm-1 reg ion .  I n  the  e a r l y  samples the re  was a smal l  peak a t  
approx imate ly  1730 cm-1 o r  a shoulder  between 1800 - 1650 
cm-1. As t h e  coa l  aged t h i s  smal l  peak became l e s s  in tense 
o r  t h e  shoulder  l ess  prominent. Th i s  i nd i ca tes  the re  may be 
a decrease i n  carbonyl  as the  coa l  aged. See F igure  7 .  

No major  changes were obvious from the  i n f r a r e d  spectra.  

CONCLUSIONS 
Th is  study shows t h a t  no major ox ida t i on ,  e i t h e r  i n  the  

bu lk  o r  a t  t h e  surface, was evidenced i n  these s tud ies  over 
the  t ime pe r iod  and temperature range they were s to red  a t  
based on these analyses. 
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FIGURE 1 

KENTUCKY #9 (AIR) - ALL TREATMENTS 
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INTRODUCTION 

There are a number of accounts of the treatment of coal with steam, including the recent work of 
Beinkowski et al.,l Brandes and Graff, 2.3 and Kahn, et al.4 These efforts sought benefits to liquefaction 
and pyrolytic tar yields, and described changes in both the composition and the behavior of the coals. In 
other work Rozgonyi et al. described ash and sulfur reductions in steam-treated coal: and some of our 
recen! work with Illinois No. 6 coal in hot liquid water is described in a paper elsewhere in these 
prepnnts.6 

The hydrothermal conditions used in these efforts are reminiscent of the h drous pyrolysis studies 
conducted in research dealing with the accelerated maturation of oil shaleJ8 Source rocks are heated in 
liquid water at temperatures in the 3OO-35O0C range, resulting in the net production of alkanes and other 
hydrocarbons, in contrast to the case for dry pyrolysis where olefins are produced. The claim that 
hydrous pyrolysis actually mimics the natural process has been questioned recently,9.1° but the 
phenomenology is unquestioned. 

The work described here is an attempt to bridge the two areas. We are seeking to understand the changes 
brought about in Wyodak coal by liquid water in the range 150-350°C in terms of its structure. We expect 
the results of this work to provide some insight into any benefits such ireatment provides liquefaction and 
volatiles production. 

EXPERIMENTAL 

Our work was conducted with Wyodak samples from the Argonne Premium Coal Bank. In most cases 
the starting coal was dried in an oven at 60"Ul torr/20 hr, a pretreatment that resulted in a loss of water 
representing about 30% of the coal mass. In some runs the as received coal was used, and we found no 
difference in behavior following hydrothermal treament. The as received coal was used as well in a 
conml run where the treatment was conducted with no added water. In that case the water in the coal 
may have contributed to the subsequent pyrolytic behavior, as described below. 

The hydrothermal treatment was conducted in a 45 ml stainless steel reactor with a tightly fitting PyFex 
insert. Sufficient water was used to assure in each case that a liquid phase was present at temperature, 
and the reactor was charged with 33-50 a m  (500-750 psi) nitrogen (cold). The run temperatures ("C) and 
respective vapor pressures of water (atm) were 150/4.6,250/38, and 350/160. After treatment the 
muwater mixture was centrifuged duectly in the insert, most of the water removed by pipette and saved 
for later analysis, and the coal removed in an N2-purged glove bag. The remaining superficial water was 
then removed in a stream of dry nitrogen. 

The bulk of the analysis was conducted by pyrolysis field ionization mass spectrometry by-FIMS). The 
heating rate used throughout was 2.5"Umin. and spectra were recorded at nominally 30' intervals from 
ambient to 500OC. In some cases quantities of volatiles from the mated coal were transferred at 120°C via 
vacuum transfer to bulbs for analysis by conventional mass spectromeby. In addition to the parent-peak 
s ~ t r a ,  py-FIMS output included volatility data, and values for the weight average molecular weights 
i.Mw) of the fractions. 

I 
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Analysis of the water fractions were conducted by first saturating the aqueous phase with NaC1, and then 
extracting with methylene chloride. The exhacts were then analyzed by gas chromatography, and 
identification confirmed by comparison with authentic samples. 

BACKGROUND 

Bienkowski et al. reported on the abundance of alkylated phenols and dihydmxybenzenes both in the 
pyrolysis tars of Wyodak coal, and in the water collected following steam treatment.1 Kahn et al. 
similarly identified a large collection of phenols in the treatment water.' These results are expected based 
on the lignin residues present in this rank of ~ o a l . 1 ~  

There is also a wide range of biomarkers reported for the extracts of Wyodak coal in work b Baset, et al. 
who studied benzendethanol extracts and pyrolysates evolved directly from the heated coal.& The 
extracts included fenuginol and retene, and they sought but found no pristane. The presence of the 

OH 

fermginol retene 

pristane 

corresponding olefin pristene in the pyrolysate, however, suggested that the alkane or a precursor was 
bound to the coal, and then released as the olefin when the coal was heated. 

The geochemical studies on oil shale could be related to these findings, with the account by Hoering of 
specific interest.* In that work the treatment of preexmted Messel shale in liquid water at 33Ooc/3 days 
generated petroleum hydrocarbons including long chain normal alkanes, aromatics, and biomarkers. 
When D2O was used, deuterium was heavily incorporated into the hydrocarbons. Hoering's control 
results and the distributions of isotopic isomers essentially ruled out preexisting, happed hydrocarbons, 
and the results suggested that the hydrocarbons were not merely freed, but rather generated in some 
manner by the water. 

RESULTS 

We conducted a number of experiments with hydrothermal treatments at 150' and 25OOC, with the 
majority of the work at 350°C. Analyses of the recovered coals included py-FIMS and simple analyses of 
recovered water and volatiles samples. 
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Recovered Water, Direct Volatiles Analyses, and Elemental Analysis 

As expected, analysis of the recovered water from 350°C treatment runs showed the presence of phenols 
and dihydroxybenzenes. The most prominent products were catechol @.(OHhPh) and phenol in a ratio 
of about 2/1. Other products found in smaller quantities were resorcinol (IJ?-(OH)ZPh) and hydroquinone 
(g-(OHhPh), with the ratio catechol/(resorcinol + hydroquinone) = 6/1. 

The same materials were pulled from the coal heated to 120°C in a vacuum line transfer, and identified by 
conventional mass spectrometry. In this case phenol was the most prominent material; however we yere 
surprised to find acetone as a major volatile product, present in quantities similar to those for phenol. 
Smaller quantities of simple ketones including butanone and a pentanone were also identified. These 
findings are discussed further below. 

The elemental analyses from the work at 350°C are presented in Table 1. The %-oxygen values are by 
direct 0-analysis. The final columns in the table show calculated compositions based on specific loss of 
the elements of C@ and HzO, and values for the net loss of OH are also shown for comparison. Clearly 
C@ loss is not significant, and water loss fits rather well. Curiously loss of OH fits the measured values 
even better, although the accuracy of the measured values may not warrant our modeling the results to 
such a degree. The product coals from the 1500 and 250°C work showed no 0-loss. 

Thus at 35OOC we see about a 30% loss of oxygen, but significantly the loss is independent of the 
presence of added water. Kahn et al recorded about a 20% 0-loss for Wyodak coal with steam at 304- 
3200Cp and we have noted that about half the oxygen in Illinois No. 6 coal is lost in waterM2 at 
4000C.13 The present results show that at least for Wyodak coal the loss is suictly thermally promoted 
and does not require added water. However it is notable that the loss ofwater in the hydrothermal case 
occurs at a partial pressure of water of 160 am. The process is thus highly irreversible, and obviously 
does not involve bound or sorbed molecular water. One candidate water source are coal clays, which 
dehydrate at elevated temperat~res.1~ However that process is reversible, and at any rate is very highly 
suppressed below around 475'C under just a few torr of water vapor.15 

We conclude that the water loss must involve the dehydration specifically of chemically bound elements 
of water in the organic phase of the coal. The dehydration may be tied to the fact that catechol is a 
prominent thermal product. And as we have shown in other work, catechol thermally dehydrates and 
forms oligomers at 3oo"-WC in the presence of kaolinite, one of the clays in coal. We expect to 
develop a better understanding of this process in further work. 

Volatilities 

Several different py-FIMS measurements were made of separate samples of the as received coal on 
different days to establish the reprcducibility of the method and the stability of the instrument, and the 
results of those runs (points) along with those for 150" and 250°C treatments (curves) are presented in 
Figure 1. The data for the as received coal fall essentially upon one another, demonstrating a satisfactory 
precision. The similar alignment of the data from the treated coal shows that little change in the coal takes 
place at 1500, while some activity is seen at the 2500 level. The volatile fractions in these cases and in 
those below was consistently 25-30% 

The shape of the curves for the as received coal demonstrates two regions of activity. Below 300"-32OoC 
the small quantities of preexisting volatile material in the coal are evaporated into the instrument. Then at 
higher temperatures pyrolytic fragmentation of the coal occurs, and products of that process are recorded. 
Thus for the as received coal and the 150' sample, no more than about 10% of the ultimately volatile 
material emerges in the first region. For the 250" treatment, since that temperature was below the point of 
substantial thermolysis, the increased volatiles for that run must be due specifically to the action of water 
in the treatment. 

* The possibility of adventiciws acetom was considered. However the presence of acetone solely in runs fmm the 35093 
treatment confrmed its formation in the process. 
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This point is demonstrated more clearly for the 350" work in Figure 2. The figure presents the curves for 
30 min runs at 350°C both with added water (2 runs) and without added water, with some data for the as 
received coal are shown again for comparison. In this case to assue no confusion from possible thermal 
effects from oven drying, the as received coal was used for the run with no water. 

The effects tied specifically to the hydrothermal conditions are evident from the profiles. They are 
emphasized by comparing the %-volatile values at an abscissa value of 35092, the temperature at which 
the coal was treated, and for the as received, no water, and hydrothermal samples the volatilities are 
respectively 22%, 37% and 52%. The jump from 22 to 37% reflects a thermal effect that can be 
anticipa+d since the trcatmeri: temperatuii was in the pyrolysis iange, although we cannot rule OG some 
action by the water driven out of the coal. (Work with dried samples is in progress.) The remaining 
increase to 52%. however, must be due specifically to the presence of water. 

Recognizing that the treatment involves holding coal samples at temperature for 30 min, and that the 
py-FIMS heating rate is 2.5"C/min, another useful comparison can be made over the interval 350" to 
-425°C 0.e. 350°C to -[350" + 2.5 x 30).  The pertinent data are presented in Table 2, which shows that 
the weight average molecular weights (Ivl)w for the tars from the hydrothermally treated coal are 
consistently greater than those for both the as received and thermally heated samples, a result in turn 
consistent with the view that added water specifically affects the subsequent pyrolytic properties. 

An effect is apparent as well from inspection of the Pyrex inserts after the runs. For the hydrothermal 
treatment they showed considerable quantities of tar deposited on the walls. For the thermal treatment 
case, however, the walls were clean. except for droplets of water which was driven from the coal during 
the treatment. Some insight into the these effects can be developed with inspection of the various FIMS 
spectra, with attention to the effects of treatment on individual compound classes. 

FIMS Spectra and Coal Tars 

Treatment at 350°C. FIMS spectra are presented in Figure 3 for the as received coal and for the 350" 
treatment both with and without water. Each spectrum is the accumulated signal for each sample up to a 
py-FIMS temperature of 300"C, and the differences in volatilities shown in Figure 2 are evident here. 

Specific effects of the addition of water can be gathered from the difference spectrum shown in Figure 4. 
The figure represents [hydrothermally treated] minus [thermally mated], and is derived from the 
respective spectra for the full volatiles fractions evolved to 5000C. The data from the two runs have been 
normalized, so that the differences reflect changes in the compositions. Thus the addition of water shifts 
the thermolytic behavior of the coal so that the volatiles are richer in dihydroxybenzenes and a broad range 
of coal tar material at d z  values 200-500 amu, and depleted in phenols. 

Also very prominent in both spectra is m/z = 58, identified as acetone by vacuum line isolation and 
analysis. The difference spectrum shows that its levels are elevated relatively in the pyrolysate from the 
thermally mated coal, probably due to its solubility in water. Other simple ketones in smaller quantities 
were also identified as noted above. We are not aware of accounts of acetone or other simple ketones as 
products of coal thermolysis, although such compounds are identified in wood tars and are. derived from 
cellulose.16 This finding could reflect the presence cellulose residues in Wyodak coal, and we expect to 
look further into this matter in future studies. 

The profiles for the generation of acetone, phenol and dihydroxybenzene as a function of temperature are 
shown in Figure 5. For the as received coal the activity is almost solely in the pyrolysis region, and 
dihydroxybenzene (most Likely catechol) is the most prominent product, with its production peaking at 
around W C .  Both the thermal and hydrothermal treatments shift the production of all three materials to 
lower temperatures, but the presence of added water docs not appear to affect the phenol and acetone 
release. The addition of water clearly affects dihydroxybenzene evolution, however, moving it to lower 
temperatures. 
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The assignments in the figure are probably satisfactory to py-FIMS temperaeratures up to 30O0C, and for m/z 
= 90 and 110 perhaps all the way to 5OOOC. However m/z = 58 above 300°C p b a b l y  represents butane 
rather than acetone, although as the figure shows the point is moot since it is not significant in that region. 
On the other hand it is prominent at lower temperatures for the thermally and h y d r o t h e d y  treated coal, 
its pealang coinciding closely with that for phenol. Given that all three compounds are. volatile, it is 
surprising that the maximum in their lower temperature evolution falls at around 140'C. For the 
hydrothermally treated coal there is some immediate evolution which then declines, and we assign this 
behavior to some material fully released by the water, and thus simply "sitting" on coal and readily 
pumped into the FIMS instrument However the delayed, common peaking t e m p t u r e  for much of the 
phenol, dihydmxybenzene, and acetone suggests that they are present together in a nonvolatile, 
complexed form generated in initial thermal or hydrothermal treatment We expect to continue work in 
this system to develop a better understanding of the sources of these materials. 

Treatment at 250°C . Just as for the 350' work, ueatment at 250OC promoted the production of coal tar, 
albeit at a lower level. The fact that tar was produced with treatment at a temperature below the pyrolysis 
region is anotha reflection of the specfic action of water in the treatment. However there were 
significant differences between the 350" and 250" results. First, as shown in Figure 6, the phenols and 
benzenediols for the treated coal emerge fully in the pyrolysis region, and no acetone is seen. In this 
regard the treated coal acts like the as received coal, and the result is not surprising since from the 350" 
work we leamed that the phenols and acetone were pyrolytically produced. 

Second, several prominent peaks appear in the FIMS of the tars of the treated coal, but are present in 
neither the as received nor the 3500-ueated coal. These compounds emerge at py-FIMS temperatures 
around 100°C. with d z  values corresponding to the parent masses of some biomarkers. They include 
peaks at 234,268 and 270 amu, which correspond respectively to retene, pristane, and fermginol. A 

We emphasize that while these parent masses correspond to the biomarkers, at present we have no 
additional information on the structures. However with this caveat, it appears that there is some 
hydrolytic release of biomarkers. The mechanism of that action is of interest, particularly in the case of 
hydrocarbons such as retene and pristane which have no "handles" for the action of water. The question 
of the role of mineral matter in these processes must be raised, including aspects of coal structure which 
might provide substantial and widely ranging interaction between the organic and mineral components in 
coal. 

DISCUSSION 

Our accumulated evidence thus far shows that there are both water-independent and water-promoted 
modes of release of tars and specific compounds. Phenols and acetone are evolved thermally at 
temperatures above 300°C, while hydrothermal conditions affect the dihydmxybenzene evolution. The 
question remains as to what features in the smcture are responsible for this behavior. The production of 
acetone and other simple ketones may reflect the presence of some cellulose-related residue in the coal. 

I 

I prominent peak also appears a d z  -- 252, and we are aware of no corresponding biomarker. 

I 
The water-promoted evolution of tars and biomarkers seems similar to the observations from the hydrous 
pyrolysis studies of oil shale. For oil shale such chemistry probably involves interfacial chemisuy at the 
boundary joining the organic and mineral surfaces. In the case of coal, Allen and VanderSande have 
estimated that ultrafine mineral matter in the organic phase may represent up to 15% of the total quantity 
of mineral material in coal,'' and the distribution of such a fme mineral material throughout the organic 
phase would lead to a significant interfacial volume. Our results may thus mirmr the existence of such a 
volume, and specific interfacial chemishy generating and/or Liberating volatile materials. 

Finally, a possible parallel between oil shale and coal structure leads to an interesting surmise. regarding 
the dismbution of heteroatom components in coal. The heteroatom-containing fractions of oil shale are 
concentrated at the mineral surfaces,18 presumably migrating over geologic time to acidbase sites in the 
clays. Were. such a condition to exist in coal, we would then expect a nonrandom distribution of 
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heteroatom components, localized at the mined inclusions within the organic phase. Such a picture of 
coal is considerably different from the shuctms commonly considered and could be significant to the 
processing coal. 
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Table 1 

Analyses of As Received and 350OC-Treated 
Wyodak Coal 

Starting Coal Treated Coal Calculated For Loss OF+ 
Withwater Nowatex C@ H 2 0  " O H  

%C 66.47 71.56 72.17 70.45 71.67 71.34 
67.60 

%H 5.10 
5.02 

4.89 4.99 5.62 4.61 5.04 

%N 0.85 0.95 0.94 0.93 0.91 0.91 
0.86 

wo 20.92 
21.63 

14.92 15.88 15.48 15.49 15.41 

Wash 8.23 9.04 9.08 9.08 8.87 8.88 
8.58 

a. Calculated for loss of elements of C@ , H20 and OH from the starting coal, to match a final Oeontent of 
15.4-15.5%. 

Table 2 

Weight Average Molecular Weights of Tars from 
As Received,Thermally Treated, and Hydrothermally 

Treated Wyodak Coal 
- 

py-FIMS Temperature Samplea M w  
Interval ("0 

332-359 As received 
Tkmld 

Hydnuhermal 

362-389 As received 
Thermal 

Hydromamal 

392419 

4 2 2 4 9  

As received 
Thermal 

Hydnuhamal 

As received 
Thermal 

Hydnuhermal 

458 
434 
518 

455 
449 
516 

431, 
427 
507 

366 
356 
403 

' I  

a. Thamal and hydrothermal samples heated at 35O"CnO min. 
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Figure 5. FIMS-derived profiles for acetone, phenol and dihydroxybenzene for runs 
at 35OOC. The dihydroxybenzene is primarily catechol. 
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Figure 6. FIMS-derived profiles for several products from runs at 250°C. The d z  values at 
234,268, and 270 correspond to the parent masses for retene, pristane and 
fermginol respectively. 
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INVESTIGATION OF ORGANIC SULFUR STRUCTURE 
AS A FUNCTION OF COAL RANK 

S.Mitra, F.E.Huggins, N.Shah, and G.P.Huffman 
Consortium for Fossil Fuel Liquefaction Science 
University of Kentucky, Lexington, KY 40506-0107 

Keywords: Sulfur, Coal Rank, XAFS Spectroscopy 

INTRODUCTION 

X-Ray Absorption Fine Structure (XAFS) spectroscopy is proving to be 
a very promising method by which information on the electronic bonding 
state and atomic environment of dilute elements in complex samples can 
be readily obtained. Of especial importance to coal science, is the 
technique's demonstrated ability to provide detailed information on 
organic sulfur in coal'.'. In this paper, we present the results of an 
XAFS investigation into the occurrence of various forms of sulfur 
present in a series of coals and maceral separates of different ranks. 

i 

EXPERIMENTAL PROCEDURE 

Samples were selected for this study on the basis that they contain 
predominantly organic sulfur. A large number of the samples were 
maceral separates prepared by density gradient centrifugation (DGC), 
which effectively removed inorganic sulfur forms. A detailed 
description of the DGC methods can be found elsewhere6-'. Other 
samples were whole coals or coal extracts with very little inorganic 
sulfur contents. Samples were prepared for XAFS spectroscopy by 
grinding representative samples to less than 100 mesh. The samples 
were then cold-pressed into pellets of boric acid of approximately 2.5 
cm diameter or placed in thin Mylar bags for the XAFS experiments. 

Some of the sulfur K-edge XAFS measurements on the coals were 
performed at the Stanford Synchrotron Radiation Laboratory on wiggler 
beam-lines VII-3 and IV-1. Electron energies were 3.0 and 3.3 GeV and 
beam currents were typically in the range 40 to 80 mA. Other XAFS 
measurements were conducted at the National Synchrotron Light Source 
at Brookhaven National Laboratory 'on beam-line X19-A, with electron 
energies 2.53 Gev and beam currents 90-200 mA. At both synchrotron 
facilities, Si (111) double crystal monochromators were used to vary 
the X-ray energy from about 100 eV below to as much as 600 eV above 
the sulfur K-shell absorption energy (2472 eV) . An all-helium pathway 
was used to minimize absorption of the X-rays. Thin Mylar windows 
(6wm) were also used for the same reason. Fluorescent experiments 
were performed for this study with a Stern-Heald type detector. 

Complementary studies with Mossbauer and X-Ray Photoelectron 
spectroscopies (XPS) were also performed on some of the samples to 
ascertain the amounts of pyritic sulfur, iron sulfates, and oxygen- 
bonded sulfur compounds that might be present in the samples. 

RESULTS AND DISCUSSION 

The XAFS structure can be divided into two regions: the near edge 
structure, known as XANES, within about f30 eV of the edge, and the 
extended region, the EXAFS, from about 30 eV to 300-400 eV above the 
edge. The XANES region of the spectrum provides information on the 
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bonding and o x i d a t i o n  s t a t e  o f  t h e  s u l f u r  atoms. The EXAFS reg ion ,  
on t h e  o t h e r  hand, g i v e s  in fo rma t ion  abou t  t h e  l o c a l  s t r u c t u r a l  
environment of  t h e  a t o m s .  

I n  t h i s  s t u d y ,  w e  have c o n c e n t r a t e d  on t h e  XANES r e g i o n  of  t h e  
s p e c t r a .  The XANES s t r u c t u r e  t y p i c a l l y  c o n s i s t s  of  one or more peaks 
superimposed upon an a b s o r p t i o n  s t e p .  The peaks i n  t h e  XANES r e g i o n  
a r e  d e r i v e d  e i t h e r  f r o m  t r a n s i t i o n s  t o  v a c a n t ,  bound l e v e l s ,  o r  from 
l o w  energy s c a t t e r i n g  r e sonances .  The f i r s t  l a r g e  peak i n  t h e  XANES 
of  a l l  s u l f u r  compounds, t h e  white l i n e ,  arises from t h e  e l e c t r o n i c  
t r a n s i t i o n  from t h e  1s l e v e l  t o  v a c a n t  np, or n s  l e v e l s .  A l e a s t -  
s q u a r e s  a n a l y s i s  o f  t h e  XANES s t ruc tu re  can be made by f i t t i n g  t h e  
d a t a  t o  t h e  sum o f  an  a r c t a n g e n t  edge s t e p ,  which r e p r e s e n t s  t h e  
t r a n s i t i o n  of t h e  p h o t o e l e c t r o n  t o  t h e  continuum, and a number of  
l o r e n t z i a n  peaks,  which r e p r e s e n t  t r a n s i t i o n s  t o  vacan t  bound s t a t e s  
o r  s c a t t e r i n g  r e sonances .  Each d i f f e r e n t  s u l f u r  compound e x h i b i t s  
one o r  more peaks and an  edge s t e p .  Hence, t h e  s u l f u r  K edge of a 
c o a l  sample t h a t  h a s  a number of  d i s t i n c t  o r g a n i c  s u l f u r  forms,  shou ld  
e x h i b i t  a number o f  1s t o  np/ns t r a n s i t i o n s  and a co r re spond ing  number 
of  t r a n s i t i o n s  t o  t h e  continuum. I n  practice, however, w e  have found 
t h a t  i n  t h e  l e a s t - s q u a r e s  a n a l y s i s  a t  most on ly  t w o  a r c t a n g e n t  s t e p s  
a r e  needed t o  o b t a i n  an  adequa te  f i t .  The lower e n e r g y  s t e p  
r e p r e s e n t s  t h e  t r a n s i t i o n  t o  t h e  continuum f o r  t h e  s u l f u r  bonded t o  
carbon and t h e  o t h e r  s t e p  r e p r e s e n t s  t h e  co r re spond ing  t r a n s i t i o n  f o r  
s u l f u r  bonded t o  oxygen. The r e l a t i v e  a r e a s  unde r  t h e  peaks can then  
be used i n  a s e m i - q u a n t i t a t i v e  manner t o  show t h e  v a r i a t i o n  of  o r g a n i c  
s u l f u r  forms from sample t o  sample.  However, it should be emphasized 
t h a t  there is a t  p r e s e n t  no d i r e c t  r e l a t i o n s h i p  between peak a r e a  and 
t h e  abundance of  a g i v e n  o r g a n i c  form of s u l f u r ,  because o f  ou r  l a c k  
of  knowledge conce rn ing  t r a n s i t i o n  moments, s e l e c t i o n  r u l e s ,  e t c .  f o r  
t h e  t r a n s i t i o n s  i n  d i f f e r e n t  s u l f u r  compounds. Such r e l a t i o n s h i p s  
remain t o  be e s t a b l i s h e d  i n  f u t u r e  work. 

I n  t h e  a n a l y s i s  p rocedure ,  t h e  z e r o  p o i n t  of  energy f o r  t h e  s u l f u r  
XANES s p e c t r a  is d e f i n e d  a s  t h e  major  peak i n  t h e  d i f f e r e n t i a l  of  t h e  
e l emen ta l  s u l f u r  spec t rum.  R e l a t i v e  t o  t h i s  p o i n t ,  p y r i t i c  s u l f u r  has  
i ts w h i t e  l i n e  a t  a b o u t  1 . 5  e V ,  and o r g a n i c  s u l f i d e s ,  such a s  d ibenzy l  
s u l f i d e ,  have w h i t e  l i n e s  a t  about  2 . 2  e V .  Thiophenic  s u l f u r  
compounds, such a s  d ibenzo th iophene ,  have t h e i r  major peaks a t  abou t  
2 . 8  e V .  Among sulfur-oxygen compounds, o r g a n i c  s u l f o x i d e s  and 
s u l f o n e s  have w h i t e  l i n e s  a t  a b o u t  4 .9  and 9 . 9  e V ,  r e s p e c t i v e l y ,  
whereas i n o r g a n i c  s u l f a t e s  have wh i t e  l i n e s  a t  around 1 1 . 4  e V .  The 
edge s t e p  fo r  t h e s e  d i f f e r e n t  compounds a l so  e x h i b i t  s i m i l a r  
d i sp l acemen t s .  The p o s i t i v e  s h i f t  w i th  i n c r e a s i n g  s u l f u r  o x i d a t i o n  
s ta te  is because o f  d e c r e a s e d  s c r e e n i n g  of  t h e  n u c l e a r  cha rge  f o r  t h e  
1 s . l e v e l  e l e c t r o n s  as v a l e n c e  e l e c t r o n s  a r e  t r a n s f e r r e d  t o  t h e  oxygen 
an ions .  I n  v a r i o u s  c o a l  s p e c t r a ,  f i t t e d  peaks  a t  abou t  t h e  c o r r e c t  
p o s i t i o n s  can b e  a s s o c i a t e d  w i t h  a l l  t h e  s u l f u r  forms l i s t e d  above. 

Coa l s  and maceral s e p a r a t e s  of  h i g h  r ank  appea r  t o  have l i t t l e  o r  no 
sulfur-oxygen bound components and t h e  r e l a t i v e l y  sma l l  peak a t  8 -12  
e V  is  b e l i e v e d  t o  b e  p r i n c i p a l l y  a s c a t t e r i n g  Such 
samples w e r e  fit  w i t h  on ly  one a r c t a n g e n t  f u n c t i o n ,  a s  shown i n  F igu re  
1. Othe r  samples ,  p r i n c i p a l l y  o f  lower r ank ,  d i d  need a second s t e p  
f o r  a b e t t e r  f i t  and e x h i b i t e d  a much l a r g e r  peak a t  8-12 e V ,  a s  shown 
by t h e  XANES spec t rum of l e o n a r d i t e  i n  F igu re  2.  V i r t u a l l y  a l l  of t h e  
s u l f u r  i n  t h i s  sample is thought  t o  be o r g a n i c  as  a l l  common i n o r g a n i c  
forms-of-sulfur ,  namely p y r i t e ,  i r o n  s u l f a t e s ,  and gypsum, were n o t  
d e t e c t e d  by iron Mossbauer spec t roscopy  o r  calcium K-edge XAFS 
spec t roscopy .  
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A tabulation of the areas under the different peaks for the samples 
examined in this study is shown in Table 1. Weight percent carbon 
(dry, ash-free) from ultimate analyses is used as an approximate 
measure of the rank of the coals. A systematic variation with Coal 
rank is found in the relative amounts of higher energy peaks compared 
to the lower energy peak components. The lower rank coals show very 
pronounced peaks at 8-12 eV, suggestive of the increasing amounts of 
sulfur-oxygen forms, and the percentages of the areas under these 
peaks are considerably higher, as shown in Table 1. Figure 3 shows 
how the peak intensities vary for three coals of different ranks. 

CONCLUSIONS 

The sulfur K-edge XANES data obtained to date on coals of low 
inorganic sulfur abundances show a variation in both type and 
abundance of organic sulfur forms that was not expected. Low-rank 
coals appear to contain appreciable amounts of sulfur-oxygen compounds 
and such compounds appear to increase relative to sulfides and 
thiophenes as rank decreases. It should be emphasized that the 
percentages quoted in Table 1 are merely for areas under peaks in the 
least-squares fit. It remains to be established what the relationship 
is between peak areas and abundances for the different sulfur species 
and further studies are planned towards this end. 
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Table 1. XANES peak a r e a s  f o r  v a r i o u s  coals i n v e s t i g a t e d .  

Sample 

PSOC 733, wv 
E x i n i t e  
v i t r i n i t e  
I n e r t i n i t e  

UKCAER 71155, K Y  
v i t r i n i t e  

3 H I O  #5 
v i t r i n i t e  

O H I O  #6 
V i t r i n i t e  

UKCAER 91864, KY 
NMP E x t r a c t  

UKCAER 71094,. KY 
V i t r i n i t e  
I n e r t i n i t e  
E x i n i t e  
Coal 

PSOC 1110,  Utah 
E x i n i t e  
v i t r i n i t e  

PSOC 1108, Utah 
V i t r i n i t e  

Leonardi te  
Sample-A 
Sample-B 

%C, d a f  
Whole 
C o a l  

87.4 
87.4 
87.4 

84.2 

83.5 

83.5 

82.2 

80.0 
80.0 
80.0 
80.0 

72.5 
72.5 

68.0 

60.1 
60.0 

% Area o f  Xanes peaks 

1 2 3 4 5 6 

0 
0 
0 

5 

4 

0 

4 

6 
11 
5 
7 

10 
10 

5 

4 
5 

60 
49 
52 

48 

52 

62 

59 

44 
41 
44 
46 

30 
27 

25 

23 
20 

20 
22 
14 

23 

20 

17 

17 

22 
15 
24 
26 

13 
13 

11 

21 
18 

6 
9 
7 

17 

5 

16 

6 

15 
9 
17 
11 

25 
31 

30 

39 
24 

14 
20 
27 

5 

20 

6 

13 

13 
24 
10 
11 

14 
14 

20 

11 
33 

0 
0 
0 

0 

0 

0 

0 

0 
0 
0 
0 

8 
5 

9 

2 
0 

Peaks occur i n  t h e  fo l lowing  energy ranges:  
Peak I: 1 . 0 -  2.2 e V ,  Peak 2: 2.0- 3.1 e V ,  Peak 3: 4.5- 4.9 e V ,  
Peak 4: 9.3-10.3 e V ,  Peak 5: 11.5-12.0 e V ,  Peak 6: 15.0-17.5 e V .  
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Figure 3 Sulfur XANES of coals of different ranks 
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INTRODUCTION 

The formation and buildup of the slag deposits on wall tubes is 
one of the most serious problems in pulverized coal combustion for 
power generation. This phenomenon, traditionally called wall 
slagging, is known for its undesirable effects on heat and mass 
transfer. Many empirical formulationsa based on the silica per- 
centage and acid/base ratio have been developed in the past to 
describe the slag characteristics. Unfortunately, due to variation 
of several factors such as flame pattern turbulence, residence time, 
temperature distribution, gas velocity, etc. within the boiler, these 
empirical formulations are of limited use in the prediction of the 
behavior of the slag. In addition, these formulations do not take 
into consideration of the interaction between the constituents of the 
coal mineral matter. Another problem in this area is the lack of 
information on the transition of fluid slag to a solid form and the 
mechanism of formation of sticky deposits. 

Further work in understanding the chemical "structure" of the 
slags should be profitable in relating the major issue of the 
influence of coal mineral matter on the operational characteristics 
of the commercial boilers. Application of Synchrotron-Induced X-Ray 
Absorption Fine Structure (EXAFS) in such studies was explored and 
an understanding of the local structure of the iron atoms in the 
slags derived from a commercial boiler forms the scope of this study. 

EXAFS has now become a standard tool for structural determina- 
tions. Through EXAFS, it is possible to study the local environment 
of specific atomic species regardless of the physical state of the 
material under investigation and one could derive radial structure 
functions for the short range order near an absorbing element. In 
simpler terms, EXAFS represents the oscillatory structure due to 
interference between the outgoing photoelectron wave propagating from 
the x-ray absorbing atom and the incoming wave backscattered by the 
neighboring atoms. The EXAFS structure is observed over several 
hundred electron volts past the absorption edge and many excellent 
review articles are available on the theory and practice of EXAFS (1- 
4 )  * 370 



EXPERIMENTAL PROCEDURE 

The s l a g  samples f o r  EXAFS a n a l y s i s  w e r e  taken from t h e  upper 
furnace w a l l  of t h e  Mercer S t a t i o n  of  public S e r v i c e  Electric E, Gas 
company, Newark, N e w  Je rsey .  T h i s  is a "we t  bottom" u n i t  which means 
t h a t  ash  is removed from t h e  furnace bottom as molten s l a g .  This  
type  of  furnace  des ign  is commonly used with c o a l  which have lower 
fus ion  temperatures .  

The slag d e p o s i t s  w e r e  der ived  from a ' v i r g i n i a  Pocohontas No. 5 
bituminous c o a l .  Three samples were analyzed by EXAFS technique: 
(1) an ASTM ash  of t h e  o r i g i n a l  c o a l ,  ( 2 )  an i n n e r  p a r t  of t h e  s l a g  ' 
d e p o s i t  c l o s e  t o  t h e  tube w a l l ,  and (3)  an o u t e r  p a r t  of t h e  depos i t  
thought  t o  be  formed a t  a h igher  temperature. The EXAFS m a t e r i a l s  
were sampled from a l a r g e  block of severa l  f e e t  long  s l a g  depos i t  
which was about  6-in. t o  &in .  t h i c k .  

The EXAFS measurements were made a t  room temperature  on beamline 
X-19A, i n  t h e  Nat ional  Synchrotron Light  Source (NSLS) , a t  Brookhaven 
Nat ional  Laboratory.  The X-19A beamline is equipped with a NSLS 
boomerang-type double-drystal  f i x e d - e x i t  monochromator. A n  S i ( I I 1 )  
crystal wi th  a Brag angle  range of 8' t o  15.5', corresponding t o  an 
energy range of 2 . 1 2  t o  7.93 keV w a s  employed i n  t h i s  s tudy.  The 
e l e c t r o n  energy w a s  2 . 5  G e V  and the beam c u r r e n t  w a s  wi th in  t h e  range 
of 90 t o  1 2 5  mA. The v e r t i c a l  beam he ight  was 0.5 mm and t h e  energy 
r e s o l u t i o n  w a s  i n  t h e  o r d e r  of 0.7 e V .  A n  Fe f o i l ,  obtained from 
Alpha Products, Danvers, Massachusetts, was used f o r  energy ca l ibra-  
t i o n ,  and t h e  f i r s t  i n f l e c t i o n  poin t  i n  t h e  s p e c t r a  was not iced a t  
7111.3 eV. This  v a l u e  w a s  used a s  energy s h i f t  i n  p l o t t i n g  t h e  
s p e c t r a l  d a t a  contained i n  t h i s  paper. 

A f l u o r e s c e n t  i o n i z a t i o n  d e t e c t o r  w a s  employed. The direct beam 
d e t e c t o r ,  i n  f r o n t  of t h e  sample, w a s  f i l l e d  with H e  gas  and t h e  
i o n i z a t i o n  d e t e c t o r  was f i l l e d  with a g e n t l e  stream of  Ar gas.  
A 6 !.Lm t h i c k  manganese f i l t e r  was used t o  improve t h e  f luorescent  
de tec t ion .  

The r a w  d a t a  w a s  analyzed us ing  EXASCAN d a t a  a n a l y s i s  program, 
o r i g i n a l l y  developed a t  t h e  Univers i ty  o f  Washington, S e a t t l e ,  
Washington, and l a t e r  modified by Mark Eglington of t h e  Unviers i ty  
of West Vi rg in ia ,  Morqantown, West Virg in ia .  The p r i n c i p l e s  underly- 
ing complicated EXAFS d a t a  a n a l y s i s  were discussed i n  d e t a i l  by Teo 
(5) - 

RESULTS AND DISCUSSION 

Figure l ( a )  shows an example of  t h e  expanded v e r s i o n  of t h e  raw 
spectrum of s tandard  d-Fez03,  -100 e V  t o  +200 e V  from t h e  f i r s t  po in t  
of i n f l e c t i o n .  T h i s  spectrum is i n d i c a t i v e  of t h e  x-ray absorpt ion 
near edge structure (XANES) which conta ins  information about t h e  
chemical environment of t h e  absorbing element. The s t r u c t u r e  i n  t h e  
XANES region ( - 2 0  e V  t o  + 5 0  e V  from t h e  absorpt ion edge) is bel ieved 
t o  be due t o  e l e c t r o n i c  d e n s i t y  of t h e  s t a t e s  and is not caused by 
i n t e r f e r e n c e  e f f e c t s  from backsca t te r ing .  

371 



The pre-edge feature has been assigned to a Is -> 3d transition 
and the shoulder in the absorption edge, just prior to the edge 
crest, is considered to be due to 1s -> 4s transition. Even though 
the observed spectral features are explainable on the basis of 
electronic transitions, it has been suggested that there is a strong 
possibility of them to be due to "shape resonances" which are much 
more sensitive to the ligand geometry and coordination number (6). 

Figure l(b), (c) and (d) shows the expanded version of the raw 
spectra of the ASTM ash, inner deposit (FETUBA) and outer deposit 
(FESLAG), respectively. All of these spectra contain a clearly 
resolved pre-edge peak due to the 1s -> 3d transition as in the case 
of the standard o(-Fe203. 

The intensity of the pre-edge peak is typical of iron in its +3 
oxidation state (Fe3+). The magnitude of the intensity of Is --> 3d 
transition has been correlated to the degree of the site distortion 
from a perfect octahedron on the basis of Mossbauer studies (7). 

In comparison with the d-FeZ03 spectrum, the Is -> 4s feature 
was broadened out in all the samples derived from coal. All spectra 
clearly showed a sharp edge crest in identical position within the 
limits of experimental error. Since the Fe3' in d-Fe203 
is highly symmertrical and 6-coordinated, this may be true of the 
other samples investigated. However, the effect of other nearest 
neighbor bonding with Fe3+ on the XANES feature is not known at this 
time. Additional standards, incorporating (alkali, alkaline earth 
metals and Fe) -0 bonding have to be evaluated. 

Figure 2 shows the Fourier transforms (FT) of $-weighted K-edge 
EXAFS of Fe in the above samples without taking into consideration 
of the phase shift. There are two major peaks in the FT's cor- 
responding to two different shells: the first peak at -1.5 A 
is attributed to Fe-0 atom pair correlation. Considering the fact 
that EXAFS derived bond-lengths are accurate to 0.02 A ,  there are 
only minor variations in the pseudo radial distribution functions 
( P R D F ) ,  which is representative of the actual bond length in the 
absence of phase shift corrections, of the samples studied. The 
coordination (N) of Fe by oxygen decreased to 5.0, 4 . 5  and 4.0, 
respectively, for the ASTM ash, inner deposit and outer deposit, 
respectively, in comparison with N = 6 for o(-Fe20,. 

The second peak around I = 2 . 7  A corresponds to Fe-Fe atom pair 
correlation and none of the samples from the PSE&G boiler showed 
intensity similar to that of oC-Fe203. Furthermore, there is 
considerable variation in the shape of this peak. Whereas this peak 
was a triplet in the case of D(-Fe20,, ASTM ash and the inner deposit, 
it was a singlet in the case of the outer deposit. It appears that 
the nature of the deposit formed in the boiler may be related to the 
second p'eak in the FT. The shape of the peak may be correlated to 
the type of the neighboring atom and the intensity of the peak may 
be used to determine the aggregation of the Fe atoms. The inner part 
of the deposit, which is close to the relatively cool tube, may be 
expected to be enriched with volatile alkalis which condense from the 
gas phase and the iron froT7the boiler tube. In any case, the 



results show that the chemical nature of iron in the boiler deposits 
is different from that of FepOS and there is a continuous variation 
in its nature across the deposit as additional layers are formed. 
This characteristic feature can be employed to establish the 
relationship between the processing conditions and the nature of ash 
deposits. 

CONCmSIONS 

Slagging of ash and fouling o f  heat e.xchange tubes are two major 
problem areas in combustion of coal and other carbonaceous feedstock 
containing appreciable amounts of mineral matter in it. From the 
results of this study, employing samples generated in a large-scale 
utility boiler, it appears that XANES/EXAFS can be used as a struc- 
tural problem of the materials that cause slagging and fouling, in 
order to obtain greater insight into the mechanism of their produc- 
tion. The EXAFS study of several other key elements such as Na, K, 
Ca, A1 and S will be required to obtain a clear picture of the slag 
formation characteristics. The results can be applied to other 
emerging clean coal technologies such as fluidized bed combustion, 
coal-fueled gas turbines, etc. 
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